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Abstract 
Manganese ore deposits are widely distributed both in time and space 
extending greater part of the earth (Roy, 1981, 2000) and are extensively distributed on 
continents (Table 1) in the fonn of oxides, carbonates and silicates. Sedimentary 
manganese deposits are the largest deposits followed by volcanic hosted ones. The 
deposition of manganese was initiated fonn Late Archaean period probably with the 
development of oxygen oases in the otherwise reducing hydrosphere (Nicholson, 1997). 
The various parameters of pal^ fep/^ iiinate and .tectonics played major role in manganese 
metallogenesis with space and-time since the initiation in Archaean (Roy, 2000). The 
major global manganese orp deposits of the Proterozoic age can be grouped as Palaeo 
proterozoic, Neoproterozoic and -Cenozoic showing, contrasts in bulk ore geochemistry 
and mineralogical manifestations"^feoording the 'Earth's past environment (Maynard, 
2010). The largest volume of Palaeo -Proterozoic manganese deposits are in Kalahari 
region of South Africa while as the largest Neo-proterozoic deposit is in Brazil with 
many smaller deposits occurring in China and India. Indian manganese ore deposits are 
dominantly meta-sedimentary and supergene in nature distributed mostly in the 
Precambrian gneisses and Khondalites concentrated in the states of Andhra Pradesh, 
Bihar, Goa, Gujarat, Kamataka, Madhya Pradesh, Maharashtra, Orissa, Rajasthan and 
Tamil Nadu. The meta-sedimentary manganese deposits of small to moderate in size 
hosted by the khondalites and chamockites are spread in the Eastern Ghats Granulite 
Belt that covers a large sector of the East Coast of India (Figure 1.1). The manganese ore 
deposits of district Vizianagram, (A.P) hosted by the Khondalite-Chamockite terrain in 
Eastern Ghats Mobile Belt is about 60 km distant from the Visakhapatnam city of A.P, 
India. The manganese ore bodies are mainly concentrated between the 18 12'N-18 30'N 
latitude and 83'*20'E-83"45'E longitudes in the study area along Garividi, Garbham, 
Chipurupalle, Bangararuvalasa, Avgudem and Sadanandapuram blocks (Figures 1.2 and 
2.2) as detailed in table 4. The lithology in the present study area is dominantly mixed 
meptapelites with clear mapable bands of quartzites and Calc-granulites and the 2" 
group as chamockites mainly the massif types. The present Mn-silicate, Mn-carbonate 
and Mn-oxide ores located in the high grade, pelitic and calc-silicate granulites and 
gametiferous quartzites (Roy, 1960, 1981; Sivaprakash, 1980; Dasgupta et al, 1993, 
Siddiuiqe, 2010). The Calc silicate granulites and Quartzo-feldspathic gneisses host the 
Mn-silicate carbonate rocks in Kotakara-Garbham area of Vizianagram (Mukhopadhyay, 
et al 2002). The Calc silicate granulites and Quartzo-feldspathic gneisses host the Mn-
siUcate carbonate rocks in Kotakara-Garbham area of Vizianagram (Roy, 1981; 
Mukhopadhyay et al, 2005). Present field work also made it clear that the manganese 
ores in the area occur primarily in association with Calc-Granulites, less often with other 
garnet sillimanite gneiss and quartzite members of the Khondalite gi"oup. 
The present piece of research work includes both field and laboratory 
experiments. The present research work will stress upon the bulk geochemistry including 
the major, minor and trace elements of the manganese ores and the host rocks of the 
studied terrain with emphasis on the various other aspects like metamorphic 
transfonnations of mineral phases and the resultant geochemistry to project the desired 
geochemical picture of the studied ore deposits. The present work aims at a critical 
assessment of the parameters that controlled the chemical composition of the 
Vizianagram manganese ores through changes in physical and chemical environments 
from the Early Archaean triggering the inauguration of sedimentary manganese 
metallogenesis and the later metamorphism and mineralogical changes to the recent 
supergene enrichment. The Vizianagram manganese ore deposits were studied in both 
field with reference to the tectonic, lithological and structural controls of ore deposition 
and in laboratory for their geochemical and mineralogical aspects to probe the possible 
conditions associated with their fonnation and the later transformations. The hand 
specimens of the variety of manganese ore samples collected from different mines and 
quarries of the study area are detailed in chapters 2 and 3. The ore mineralogical studies 
coupled with their field disposition in the study area indicate clear distinction of primary 
or metamorphosed manganese ores and secondry or supergene manganese ores (Figures 
3.3 and 3.4) altogether hosted in the khondalite group of the terrain. The primary ores of 
district Vizianagram, (A.P) along with the calc-granulites and other khondalite members 
have preserved important mineralogical trails in support of the initial sedimentary 
protolith and the later metamorphism followed by supergene enrichment. The primary 
manganese ores (metamorphosed or meta-sedimentary ores) consisting mainly of 
manganese silicates and minor manganese oxides occur confomiably enclosed in the 
pelitic khondalites, calc-silicate granulite and weathered quartzite. While as the secondry 
ores bodies of supergene nature are discordant with the host rocks through the terrainand 
are mammillary and botryoidal in fonii (Figures 3.3 and 3.4). 
The granulites grade metamorphism declared in the region is evident in both the 
field and hand specimens of the host rocks (Figures 2.3-2.4) as well as in the ore samples 
(Figure 3.4). The Metamorphosed manganese deposits from Koduru and Garbham areas 
consisting of manganese silicates like bixbyite, braunite, hausmannite, rhodonite, 
spessartite, hollandite, jacobsite and vredenburgite as primary manganese oxides and 
silicates. The secondary ore minerals like pyrolusite, cryptomelane, psilomelane, 
ramsdellite, lithiophorite were also detailed by previous workers Sivaprakash, 1980; 
Krishna Rao, 1954, 1956a , 1956b, 1963a, 1963b; Krishna Rao and Dhana Rajii, 1966; 
Siddiquie, 2004; Siddiquie and Bhat, 2008) and are shown in figures 4.1-4.9. 
The geochemical analysis of thirty ore samples from the six blocks of 
district Vizianagram, (A.P) shows higher values of Si, Al, Fe, P, Na, Mg and K in the 
primary ores while as the higher values of Mn, P, Ca, Ti and Ba are seen in the secondry 
ores as shown in table 8 and figures 5.1-5.5. The distribution pattern of minor elements 
like K2O, Na20, MgO, CaO, BaO, TiO? and P2O5 in Vizianagram manganese ores vary 
in their concentration within limited range (Tables 11-13). The overall ore shows higher 
concentration of potassium, but average NaaO, CaO, MgO, BaO and Ti02 goes around 
1% as seen in tables 11-13. The ores have a mixed source of hydrothermal, oceanic and 
terrigenous components as evident in the discrimination plots and ternary plots of Si-Al-
Mn, Mn-Al-Fe, Mn-Al-F, Al-Ti Fe-Mn-Si (Figures 5.10-5.14). The dicrimination 
diagrams of Ni + Co + Cu Vs Ni + Cu and ternary plots of Ni-Zn-Co (After; Choi and 
Hariya), Ni + Co + Cu Vs Co/Zn, (Toth, 1980 and Choi and Hariya, 1992) shown in 
figure 5.30-5.33 along with the positive coiTelations of Mn-Ni-Cu-Zn (Figure 5.17) 
indicate the hydrogenous, shallow-shelf sedimentary-diagenetic genesis of the present 
manganese ores. The ores show sedimentary hydrogenous nature with respect to high 
Mn and Ba values, positive correlation of Mn with Ba-Co-Ni-Zn (Figure 5.16 and tables 
9-10) in accordance with Nicholson (1992). Ba/Sr values also indicate sedimentary 
nature in accordance with Fan (1994). The dissolved oceanic Mn was dominantly 
contributed by remote marine hydrothermal sources and was canied to the shelf zone 
due to its high solubility and longer transportation as compared to its co-generated Fe 
counterpart which gets deposited near the vent. The Mn remained in the dissolved state 
as Mir"^  in the oxygenated surface waters of the ocean and in Mn ^ in the reduced deep 
water. The two water columns are demarcated by the redoxcline across which the Mn 
alternates as Mn""^  and Mn'*^  across the redoxcline for most of its life span till it reaches 
the sediment surface in the shelf zone where the Mn^ ^ is deposited as Mn02 over the 
shelf carbonate platfonn as shown in the hypothetical genetic model in Figure 7.1. The 
influx of elision, gas and water fluids along a fault zone from the sedimentary sequences 
of the sedimentary basin, which resulted in specific physicochemical conditions in the 
bottom and silt waters; this, in turn, provided conditions for the accumulation of the 
elements of anoxic environments and retention in the sediments of Mn and trace 
elements precipitating from hydrothermal plumes. The precipitated Mn02 reacted with 
the available Si, Ca, Al and Fe in the system of Mn-rich sediments leading to the 
formation of earlier Mn-silicate and carbonate protolith. During this stage of Mn 
mineralization the Si, Al, Ca, Fe, Ba, P and Ti from the terrigenous sources was 
consumed in the fomiation of the manganese silicates and carbonates. 
The primary manganese ores are enriched in Si, Fe, Ba, P, Ni, Cu, Co and V in 
comparison to other manganese ores (Tables 8, 15 and 16) and are considered as primary 
metamorphosed ores while as the manganese enriched ores of higher oxides are secondry 
in nature and are of supergene nature fornied from the pre-existing primary or 
metamorphosed ores were also worked out by previous workers (Krishna Rao, 1963a, 
1963b; Krishna Rao and Dhana Raju, 1966, 1964, 1967; Roy, 2000; Siddiquie and Raza, 
2008; Siddiquie and Bhat, 2010). The original sediments probably contained some 
amount of phosphorous (Sivaprakash, 1980; Bhattacharya et al, 1984; Siddiquie and 
Raza, 2008; Siddiquie and Bhat, 2010) and more phosphorous in the form of apatite 
appears to have been introduced into the manganese ores through granitic and pegmatitic 
activities (Rao.S.V.G. et al, 1981; Acharya et al, 1994a, 1994b, 1997; Siddiquie and 
Bhat, 2010). Manganese ores have evolved in a few important phases of metallogenesis 
in the region and the manganese ores in district Vizianagram, (A.P.) are co-genetic as 
evident from the collective field evidence and the geochemistry and mineralogical 
modules of the ore and host rocks. The manganese ores of district Vizianagram, (A.P) 
seems to have evolved in a few important phases of co-precipitation and sedimentation 
as Mn-rich sediments followed by their diagenesis, regional metamorphism and later 
supergene eiuichment (Figure 3.3). The primary ore mineral assemblages in the study 
area include the diagenetic Mn-carbonate like rhodochrosite to high grade ore minerals 
like spessartite, rhodonite, vredenburgite, hausmannite and jacobsite. The abundance of 
garnet, sillimanite, quartz and apatite and in the host rocks also suggests the high grade 
metamorphism. The development of the metamorphic ore minerals like vredenburgite, 
jacobsite and hausmannite (Figure 4.2) confmns the high grade metamorphism. These 
phases are evident in the studied mineralogical assemblages of all the types of ores in the 
study area and the bulk geochemistry and the stratigraphic, structural and tectono-
metamorphic evidences in the field. The initial manganiferous sedimentary protolith was 
deposited in a stable shelf environment with a mixed source of Mn dominantly from 
hydrothemial sources with sub ordinate contribution from terrigenous source as shown 
in the hypothetical genetic model (Figure 7.1). Some deep and remotely generated 
marine hydrothennal plumes were enriched in Mn, Cu, Ni, Pb and Zn. These elements 
were carried in solution state by the oceanic water and were delivered to the shelf zone 
during favorable conditions of their precipitation and deposition. The presence of remote 
hydrothermal springs supplying Mn and some other elements and generating plumes 
with elevated contents of these elements in deep waters is obvious in some ternary plots 
and discriminafion diagrams (Figures 5.10-514) in accordance with Toth, 1980; Choi 
and Hariya, 1992; Bonatti, et al, 1972; Peters, 1988. Metasedimentary deposits occur in 
high grade granulite terrains in shallow-water shelf regimes (Roy, 1981) which in 
accordance with the present mineralogical findings in the light of geochemistry are 
conclusive for the genesis of the manganese ores of district Vizianagram, (A.P). From 
the mineral-chemical attributes of the manganese deposits, the author proposed that the 
oxide ores were fomied when anoxic bottom water enriched in Mn^ was up welled on 
the continental margin and mixed with oxygenated surface water (Figure 7.1). The 
process inifiated most probably in the late Proterozoic in the light of geochronology of 
the region coupled with the present evidences. The geochronological data on the rocks of 
Eastern Ghats belt are meager and show a wide scatter. The wide range of ages has been 
attributed to supeiposed granulite and amphibolites facies events and the accompanying 
structural re-working (Mezger and Cosca, 1999; Sengupta et al, 1999). Nevertheless, the 
available geochronological data (Mezger and Cosca, 1999) clearly point to an Archaean 
event during 2.8 and 2.6 Ga, which can be taken as the minimum age of sedimentation of 
the Khondalite Group. 
Manganese carbonates were diagenetically derived from these initial Mn-oxides 
by reaction with calcareous m.aterial in the shelf zone probably under evaporative 
conditions. Continental weathering acted as a part of possible source for manganese and 
iron, supplied through acidic surface water and ground water to the depositional palaeo-
basin. Relatively high amounts of Si, Al and Ti as well as good correlations between 
SiOj vs AI2O3 and AI2O3 vs TiO^ in the Vizianagram manganese ores may be due to the 
admixture of detrital material during precipitation as depicted from the discrimination 
diagi-am of Choi and Hariya (1992). The post depositional regional metamorphism have 
erased the depositional and sedimentary signatures of the ores as well as the host rocks 
to a greater extent but the geochemical and mineralogical signatures reveal their genesis 
with the tectonic and other geochemical, atmospheric and basin conditions during their 
deposition and post depositional stages. Metamorphosed manganese ore minerals from 
the study area developed during the metamorphic stage and manganese ores includes 
braunite, bixbyite hausmannite, rhodonite, spessartite, hoUandite, jacobsite and 
vredenburgite are in accordance with workers (Krishna Rao, 1963a, 1963b; Krishna Rao 
and Dhana Raju, 1966, 1964, 1967; Roy, 2000; Siddiquie, 2004; Siddiquie and Bhat, 
2008; Mukhopadhyay et al, 2005). 
The elevated contents of Si, Al, Fe and Ti are evident. Featured and elevated 
concentration of Mn against the back gi^ ound host rocks indicates the formation of 
manganese rich ore minerals in specific bands within the earlier combined system of 
manganiferous sedimentary protolith. The ores have attained the concentration of Mn 
with the development of the metamorphosed mineral assemblages. It is during this stage 
of ore formation that Mn-silicates were fornied at higher rate instead of the earlier Mn-
Carbonates of diagenetic stage which was consumed in the decarbonation process and 
subsequent genesis of Mn-silicates. During the post-metamorphic period, prolonged 
exposure of the deposit to atmospheric oxygen and meteoritic waters has caused the 
primary minerals to undergo supergene alteration. Most of the primary manganese oxide 
minerals are totally obliterated by weathering and supergene processes. The manganese 
silicates like spessartite are also affected. Under supergene conditions, due to strong 
oxidation effects, the manganese oxides of lower valency states (primary minerals) were 
transfomied into manganese oxides of higher valency states e.g. pyrolusite, 
cryptomelane and romanechite. Development of cryptomelane/romanechite and goethite 
from garnet can be cited as an example. During the supergene process, elements such as 
Mn, Fe, P, Al and Ti are enriched and Mg, Ca and Si are leached from primary 
manganese minerals. The economically important Vizianagram manganese ore deposits 
were formed by oxidation of pre-existing metamorphosed Mn-oxide (with Mn^ and 
Mn^") and Mn-silicate rocks (Roy, 1981). The evidence in favour of the weathering and 
alterations in the studied manganese ore deposit are the laterites which are 
characteristically concentrated in the upper zone of the weathered profile (Figures 2.3f 
and 3.1-3.2).The rocks most amenable to supergene concentration of manganese in the 
7 
weathering zone are Mn-rich carbonates followed closely by Mn-silicate-carbonates. 
Manganese silicate carbonate admixtures were produced as a consequence of influx of 
detritus and hydrogenous constituents during sedimentation. Mn oxides are either 
fonned in situ by oxidation of the carbonates ore through dissolution, limited vertical 
and lateral migration and re-precipitation (Roy, 1988 and 1991). 
The mineralogical and chemical characteristics observed in the host rocks reflect 
heterogeneity in the metapelite composition dominantly meta-aluminous and indicate 
more than one source for the parent sediments. The mineralogical observation of the host 
rocks suggests clear metamorphism in the present area (Figure 2.5). The source rocks are 
predominantly fen-omagnesian especially shale-greywacke sequence in PCM tj'pe of 
environment with some igneous intrusions adding some granitic-trondhjemitic 
component as evident in the discrimination diagrams and ternary plots of the khondalites 
and chamcokites (Figures 6.8-6.21). Geochemical characteristics of the host rocks 
suggest that the provenance for these rocks was a mixed source of shale-greywacke 
sequence and tonalite/trondhjemite probably the Archaean crust in accordance with Raju 
and Rao (2001), Siddiquie and Bhat (2010) and Bhattacharya et, al (2012). However, the 
premetamorphic sedimentary protolith package of shale-greywacke is indicative of their 
formation in a stable shelf milieu and PCM type of environment as depicted from figures 
6.12-6.17 which supports the fomiation of the shallow shelf manganese ores in the study 
area. 
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Chapter 1 
Introduction 
1.1 Global manganese mineralization 
Manganese ore deposits are widely distributed both in time and 
space, extending greater part of the earth fRoy, 1960, 1965, 1966, 1968, 1969, 
1970, 1981, 1984, 1988, 1992 and 1997; Nicholson, 1992; Nicholson and Eley, 
1997) and are extensively distributed on continents (Table 1) in the form of 
oxides, carbonates and silicates with numerous deposits in India. The deposition of 
manganese was initiated in Late Archaean period probably with the development 
of oxygen oases in the otherwise reducing hydrosphere (Nicholson et al, 1997). 
The various parameters in manganese metallogcnesis with time since the initiation 
in Archaean was given by Roy (1997, 2000). Manganese ores of various genetic 
environments such as hydrothermal-volcanogenic, sedimcntaiy/meta-sedimentary, 
hydrogenous (marine, shelf fresh water, lacustrine), Volcanic and Karst hosted 
reported so far have been altributed to the complex processes of atmosphere, ocean 
and the dominant tectonic process (Maynard, 2010) having apparent geochemical 
and mineralogica! contrast. The changes in the rate of continental cmstal growth, 
mantle heat flux and out gassing along with the evolution of tectonic regimes, 
sedimentary environments, the state of the biosphere and finally the compositions 
of interacting atmosphere-hydrosphere system from the Early to the Late Archaean 
age have been traced as interdependent parameters and interpreted to explain the 
first appearance of sedimentaiy manganese deposits promoted by possibly 
localized oxygenated environments (Roy. 1966 and 2000). Sedimentaiy 
manganese deposits are the largest deposits followed by Nolcanic hosted known so 
far (Table I). The major global manganese ore depoits of the Proterozoic age can 
be grouped as Palaeo-proterozoic, Neo-proterozoic and Cenozoic showing 
contrasts in bulk ore geochemistry and mineralogica) manifestations recording the 
Earth's histoiy (Maynard, 2010). The largest volume of Palaeo-proterozoic 
manganese deposits are in Kalahari region of South Africa while as the largest 
Neo-proterozoic deposit is in Brazil with many smaller deposits occurring in 
China and India. 
1.2 Manganese mineralization In Indian sub-continent 
Indian manganese ore deposits arc meta-sediincntary in nature distributed mostly 
in the Precambrian gneisses and tchondalitcs concentrated mainly in the adjoining 
shelf or coastal states of Andhra Pradesh, Bihar, Goa, Gujarat, Karnataka, Madhya 
Pradesh, Maharashtra. Orissa and Rajasthan (Figure 1.1). The mela-sedimentary 
manganese deposits of small to moderate size hosted by the khondalites and 
chamockites are spread in the Eastern Ghats Granulite Belt that covers a large 
sector of the East Coast of India (Figure 1.1 and 1.2). Sedimentary and meta-
sedimentai7 deposits occur in both greenstone belts and high grade granulite 
terrains in shallow-water regimes only (Roy, 1981 and, 1988). The present Mn-
silicate, Mn-carbonate and Mn-oxide ores are located in the high grade, pelitic and 
calc-silicate granulites while Mn-silicate-carbonate rocks occur in calc-silicate 
granuiites and garnetiferous quartzites (Roy, 198J). The lithology is represented 
by granulite facies of the khondalites which undoubtedly are the host rocks of the 
manganese ores in the terrain (Krishna Rao, 1954 and, 1964) and occur primarily 
with calc-granulites less often with quartzite and still less with the quartz gamet-
sillimanite-graphite gneiss (Siddiquie and Bhat, 2010). Mn-silicate-carbonate 
rocks presumably derived from carbonate protolith occur • in regionally 
metamoiphosed terrains ranging in grades from greenschist to granulite facies 
(Dasgupta, 1993). The Koduru and Garbharn manganese ores of Vizianagram, 
district have remarkable mineralogical similarities with gonditic deposits of India 
and other stratified manganese deposits, such as the Otjosondu (S.W. Africa) and 
Franklin (U.S.A.) deposit (Sivaprakash, 1980). Metamorphosed manganese 
deposits at Koduru and Garbham in Andhra Pradesh, India, consist of manganese 
silicates like bixbyite, braunite, hausmannite, rhodonite, spessartite, hollandite, 
jacobsite and vredenburgite as primaiy manganese oxides and silicates; pyrolusite, 
ciyptomelane, psilomelane, ramsdellite, lithiophorite (Sivaprakash, 1980; Krishna 
Rao, 1963a, 193b and 1966; Siddiquie, 2004; Siddiquie and Bhat, 2010). The 
primary manganese ores (metamorphosed or meta-sedimetary ores) consisting 
mainly of manganese silicates and minor manganese oxides occur confonnably 
enclosed in the pelitic khondalites, calc-silicates granulites and weathered 
quartzites. While as the secondry ores bodies of supergene nature are discordant 
with the host rocks in the studied terrain. Manganese oxides with variable silicate 
admixtures constitute the predominant ore characterized by the presence of 
braunite, vredenburgite, jacobsite, hausmannite and rhodochrosite and with 
associated pyrolusite, cryptomelanc and quartz, apatite etc. as seen in figures 4.2-
4.3. The secondry ores are dominantly represented by the supergene mineral 
assemblage of pyrolusite, cryptomelanc, psilomclane and haematite with accessory 
quartz and apatite (Figures 4.3-4.7) revealing the metamorphism of a 
manganiferous protolith followed by the supergene alteration. Further, manganese 
carbonate-oxide deposits, with or without silicates, occur as isolated lenses in the 
oxide deposits. The post depositional regional metamorphism have erased the 
depositional and sedimentary signatures of the ores as well the host rocks to a 
greater extent but the geochemical and mineralogical signatures reveal their 
genesis with the tectonic and other geochemical, atmospheric and basin conditions 
during their deposition and post depositional stages. In the studied manganese 
deposits almunium and iron (laterite) arc characteristically concentrated in the 
upper zone and manganese in the lower zone of the weathered profile (Figure 3.1-
3.2). During the supergene process, elements such as Mn, Fe, P, A! and Ti are 
enriched and Mg, Ca and Si are leached from primary manganese minerals. The 
economically important Vizianagram, manganese ore deposits were formed by 
oxidation of pre-existing metamoiphosed Mn-oxide (with Mn "^ and Mn'" and Mn-
silicate rocks (Roy, 1981). Analytical results of the ores reveal that the primaiy 
manganese silicate ore enriched in Si, Fe, Ba, P, Ni, Cu, Co and V in comparison 
to other manganese ores and arc considered as primary/metamoiphosed/meta-
sedimentary ores, while as the high grade manganese ores contain higher oxides of 
Mn. The later are secondry in nature also called as supergene ore formed from the 
pre-existing primary or metamorphosed ore and was also worked otit by previous 
workers (Krishna Rao, 1967; Roy, 1965, 1966, 1968, 1969, 1970 and 2000; 
Aeharya et al, 1994a, 1994b; Siddiquic, 2004, Siddiquie and Raza, 2008; 
Siddiquie and Bhat, 2008). The original sediments probably contained some 
amount of phosphorous (Sivaprakash, 1980; Siddiquie, 1986; Siddiquie and Raza, 
2008) and more phosphorous in the form of apatite appears to have been 
introduced into the manganese ores through granitic and pegmatitic activities 
(Rao.S.V.G. et al, 1981; Aeharya et al, 1997, 1994a; Siddiquie and Bhat, 2010) 
preceding the supergene enrichment. Vizianagiam, manganese ore deposits and 
other Eastern Ghats ore deposits show considerable chemical reworking in the 
weathered zone (Roy, 1981). 
The rocks most amenable to supergene concentration of manganese in the 
weathering zone are Mn-rich carbonates followed closely by Mn-silicate-
carbonates. Manganese silicate carbonate admixtures were produced as a 
consequence of influx of detritus and hydrogenous constituents during 
sedimentation. Mn oxides are either formed in situ by oxidation of the carbonates 
or through dissolution, limited vertical and lateral migration and re-precipitation 
(Roy, 1981). Geochemical and mineralogical similarities of the present manganese 
ores with the manganese ores of Brazil were also opined by Roy, 2000. From the 
mineral-chemical attributes of the manganese deposits, the author proposed that 
the oxide ores were formed when anoxic bottom water enriched in Mn (super +2) 
was up welled on the continental margin and mixed with oxygenated surface 
water. Manganese carbonates were diagcnetically derived from oxides by reaction 
with calcareous partings in isolated pools under evaporative conditions. 
Geochemical characteristics of the host rocks suggest that the provenance for these 
rocks were mixed source of basic rocks and tonalitc/trondhjemite probably the 
Archaean crust. The manganese ore mineralogy, geochemistry and lithological 
characteristics of the host rocks indicate that the Vizianagram, meta-sediments and 
the metamorphosed ores of the khondaiite Group were deposited in a stable shelf 
environment with a mixed source of Mn dominantly from hydrothermal and sub 
ordinate contribution from terrigenous source as shown in the hypothetical genetic 
model (Figure 7.1). 
Table 1 Major continental manganese ore deposits of the world. 
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COUNTRY/ 
REGION 
^ 
4" 
% 
HOST ROCK 
4 
GEOLOGICAL AGE 
(1) China 
(2) Australia 
(3) Soutii Africa 
(3) Gabon 
(4) Mexico 
(5) India 
Vizianagram, 
Orissa 
Sausar 
Pengana 
(6) Brazil 
(7) Ukraine 
(8) Mexico 
Black shale 
Silt-Stone 
Carbonate roclcs 
Carbonate rocks, BIF 
Black shale. Dolomite, Sandstone, 
Black Shale 
khondalites, Granulites, 
Black Shale. 
Orthoquartzite, Carbonate, Pelites 
Chert, Limestone 
Mn-silicate-Carbonate, shale, 
Granulites/Meta-sedimentary 
Sandstone-Glauconitic-Clay stone 
Black Shale 
Middle Ordovician 
Phanerozoic 
Palaeo 
Palaeoproterozoic (2.2-2.1) 
Late Jurassic 
Archaean 
Palaeoproterozoic (2.0) 
Neoproterozoic (800 ma) 
Archaean (2,9-2.7 Ga) 
Phanerozoic 
(Early Oligocene) 
Late Jurrasic 
Data Sources: Roy (1981); USGS Mineral commodities surveys (2011) 
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Figure 1.1 Map showing continental manganese ore deposits in India. (1) Nagpur-
Maharashtra; (2) Gangpur-Bamra deposits; (3) Panchmahais district, 
deposits. (4) Jhabua district deposits, Madhya Pradesh; (5) Vizianagram, 
deposits (A.P). (6) Bonai-Keonjhar deposits, Orissa; (7) Kalahandi-Koraput 
deposits, Orissa; (8) Sandur-Bellary, Tamil Nadu; (9) Shimoga district 
deposits, Kamataka. (10) North-Kanara, Kamataka; (11) Banswara, 
Rajasthan; (12) Goa deposits. 
T A B L E 2 Distr ibut ion of manganese ore deposi ts in different states of India. 
STATE 
iADHRAPR-^DESH 
'BIHAR 
GOA 
'GIJR.AT 
K-AKXATAKA 
:MADH\A 
:PK.\DESH 
•irAii.«_ASHrRA 
O R I S S A 
RAJASTHAN 
Localities 
Garbhani Sadaaadapuiani, 
Ciiipuropalle, Gai:wdi, 
CiupurupaSle, Kotakara, 
Ramabadrapurani Koduiu 
3 aaganivalaia. Gadaba'.'alasa, 
Avagiidera XslUmerla. Penimali 
Jaindapur, Ghotkia'.. GoHughat 
KatiM '^a, SirsM, Biscaapur, 
Matagota 
Katkansandi, Kalkamsand'. 
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Tutugut and 
LedHiHs. 
Shi^ tajpuf, Rohu 
Ramadurg 
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Sandur Hills 
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Ban«lia, Bijawar. 
G:ro, Ximarami Dfvas 
Ranidongri, Mansar 
Gimgoaa Kandn, 
Donsri- BiKura. 
Baibil.Dbubna, 
Kuttana, Xishikal 
Deposit/Grsde) 
S>ngfnf El: Metaniotpho 
se61'tds 'dcnzom 
Vtim, 
Ifflpregnaaoas. lense:. 
(Medium - LOW) 
Banded, iMiticular, 
' Hast fAge) 
lime-:-toiif 
Paiigaaa 
Cuddapah Shales 
and Qua rate 3 
iN AI 
X.A. 
ReplacMneiE 
R«5dual 
Low 
isncfcular 
(Medium) 
Supergfne 
(Medium-Low) 
Quartate 
PhylEte, Latene 
Prscambrian, Biylliie, 
Quarczicf, Gneiss 
Charifianar Series 
Schist, Pmiites of 
D«osn Foftnation 
SrageneiicMetamoipho Bijawar- Brecaa 
sed 
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H onions, 
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Bands, Sausar 
Senes 
Shales, Chens 
Laerites 
(EGGB) 
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1.3 Location of the study area 
The present study area is a district of Andhra Pradesh state in hidia. The district 
is bordered by Koraput and Visakhapatnam (Figure 1.1). The manganese ore belt 
of the district runs throughout and extends to its peripheral parts (Figure 1.2). The 
manganese ore bodies are mainly concentrated in the district Vizianagram, (A.P.) 
and lies between the 18" 12' -18"30' N latitude and 83''20'- 83"45' E longitudes. 
The belt has numerous outcrops and exposures of the rock strata with number of 
open cast manganese mines and quarries. The important sites of rock exposures 
include mines, road cuts, pits and the railway track. The present study area along 
with eight other districts of the state like Guntur, Nellorc, Prakasam etc. form an 
arcuate coastal tract with widest extension at Guntur and Krishna while as 
narrowest and rocky at Koduru, Garividi and Garbham areas. It is located between 
the low lying plane adjoining Bay of Bengal on the east and the elevated EGMB 
(maximum elevation. 3000-4000 m) on the west (Figure 1.2 and 2.1). The present 
study area has been divided into six study blocks of manganese mineralization and 
host rock exposures. The location and other geological details of these blocks are 
given in Table 4 and 6, 
1.4 Accessibility 
The study area is a part of the well-developed city Visakliapatnam of 
hidia and is well connected by airlines, roads, railways and sea routes. There are 
daily domestic and international flights to and from Visakhapatnam including the 
capital New-Delhi, India. The city lies on east coast of India connected by a major 
national highway No. 5, a part of Golden Quadrilateral system of Indian highways. 
The study area is a border district of A.P., on the north east of Visakhapatnam city 
and is well developed. It is connected to Orissa by national highway No. 5 and the 
general Chennai-Howrah railway line. The area is well connected by a network of 
roads with all its districts including the study area, Vizianagram. There are 
frequent bus and taxi service to the district from the Visakliapatnam city under the 
authenticity of Andhra Pradesh State Road Transpoil Corporation. Visakhapatnam 
is the first Indian city that uses Bus Rapid Transit system, a quick and efficient 
city bus service. The neighboring study area districts - Srikakulam and 
Visakhapatnam are also well connected by roads. In the present fieldwork, base 
camp was at Chipumpalle town of Vizianagram district, (A.P) on the Chennai 
Howrah Line. The Razam Mines fall in NE of Chipurupalle by about 3-4 kms on 
the Kolkata-Chcnnai trunk road National highway No. 5 passing through the 
Vizianagrani, town (Figure 1.2). Two national highways, N. H. 43 and 45 lead to 
Vizianagram, from Visakliapatnam of which the former leads to Orissa and 
Chhattisgarh and the later to Vizianagram, district. Garividi is an important town 
of Vizianagram, having intersection of roads leading to Garbham, Chipurupalle, 
Garividi, Duvvam and Sadanandapuram and are approximately 15, 10, 11, 12 and 
10 kms from the town respectively. Almost all the villages and mine pits of the 
study area blocks are well connected by well roads and cart tracks. 
1.5 Topography and Drainage 
The study area is a part of Indian peninsula topographically comprising 
flat and stable teiTain with isolated hills of the Eastern Ghat Mobile Belt. The area 
has a gentle slope in east wards direction and finally drained via numerous streams 
and rivers into the Bay of Bengal. There are numerous hills along the western side 
of national highway .from Vizianagram to Srikakulam however they are abundant 
in W. Srikakulam. Garividi consists of hills and ridges on eastern and western 
side. There are numerous hillocks along Garbham, Gadabavalasa, Faccor, 
Sadanandapuram and Dcvada. There is a wide variation of altitude within the 
study area with the highest point 162 m above MSL with the lowest as 0 m as the 
adjacent coast. The average hillocks of 100-300 fts are mainly that of granites, 
khondalites, garnetiferous quartzites and calc-granulites. Drainage of the area by 
rivers like Vamasadhara and Nagavalli mostly fed by ephemerals drain the study 
area SSE into the Bay of Bengal (Figure 1.2). The transported sediments from 
northern highlands are deposited in the saddle zones of quartzite and khondalite 
hillocks. Their thickness ranges from 6-12 m and constitutes a major 
lithostratigraphic unit of the study area and includes red soils, laterite, gravel, lime 
and kankar downwardly (Figure 2.3t). The adjacent eastward shoreline is receding 
type. The average water table depth is 3-5m deep in winter however it descends in 
summer. 
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1.6 Climate and Rainfall 
The study area is a coastal part of Andhra Pradesh characterized by a warm and 
humid climate. Climate of the region has an important role in the supergene 
mineralization of the region. The study area has an elevation of 10 m from MSL 
and being among maritime districts of A.P, Vizianagram, as a part of peninsular 
India. The hottest month is May while as the coldest one is January. The average 
rainfall is 950 cm approximately, mostly received between June and September 
due to south west monsoon which accounts for 70% of the total annual rainfall. 
Rest 30% is due to NE monsoons and occurs during October to November. 
1.7 History of the study area 
The word Visakhapatnam has been derived from the diety "Visakha"-
"The God of Valour", the 2"'' son of Lord Shiva and the word "Patnam" in Telgu 
means city. Visakhapatnam formerly known as Vizagapatnam and also in short as 
Vizag is a coastal port city, often called as the "Jewel of the East coast". It is 
situated in the Indian state of Andhra Pradesh located on the Eastern shore of India 
and nestled among the hills of Eastern Ghats and faces to Bay of Bengal on its 
east. Visakhapatnam is the home for the administrative headquarters of the district 
and Eastern Naval command of the Indian Navy. At present the city goes by its 
now mostly defunct colonial British name, Waltair. During the colonial Era, the 
city hub was located at the Waltair railway station and that part of the city still 
goes by the name Waltair. It is sometimes also referred as the "City of destiny". 
The area was ruled by Buddhist Empire before the Fifth B. C and later on by 
Andhra rulers. Hindus in 11''' and 12''' century A. D. buih the temples. Mughals 
ruled this area under the Hyderabad Nizam in 15'''-16''' century. In 18" centuiy the 
city was a part a region comprising coastal Andhra, southera coastal Orissa that 
was initially tinder French control and later by British. It became a district in the 
Madras presidency of British India. 
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igure 1.2 Accessibility and location map for (1) Garividi (2) Garbham (3) Chipurupalle 
(4) Bangaruvalasa (5) Avagudem and 6) Sadanandapuram manganese ore 
blocks of Vizianagram district, (A.P). (Modified after Rao, 1969). 
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After India's independence, Visatchapatnam was the biggest district of the 
country and was subsequently divided into three districts of Sriicakulam, 
Vizianagram and Visakliapatnam. TJie District Vizianagrara, (A.P) is bounded on 
NE by Sriicakulam and Orissa on NW. All the three districts were a single district 
as Visakhapatnam and later on divided. Srikakulam was formerly known as 
Gulshanabad (Garden City) during IVluslim rule and as Chicacole during British 
rule and after independence it was named as Srikakulam, out of which 
Vizianagram, was carved out recently, The city has been declared as one of the ten 
fast growing cities of the world and due to this reason the city is cosmopolitan. 
1.8 Life and Agriculture 
Andhra Pradesh is also known as rice bowl of India. It has many agricultural 
practices and diverse fauna. Palm oil and mango gardens are dominant. Sal from 
here is the only commercial timber of the Asia. Pet animals like cow, buffalo, Pig 
and horse. Wild fauna include bears, boar, wild goat and tiger. Sloath bear, wild 
buffaloes, hare, abodes, wild boars, wild goats, hyena etc. are some important wild 
animals while among the birds yellow rock pigeon is very common. Soils in the 
study area are of varied types with an average thickness of I-I5 m having major 
constiments of silt sand and clay. The soils are thick in the valley and supports 
good agricultural practices. Podu cultivation is common in the hilly areas. Dense 
population is found in its towns with good traffic and industries, 
1.9 Objective of the work 
Manganese mineralization since Prccambrian has been a debate for last 
two centuries among the earth scientists and policy maker's world over. Previous 
workers like Fermor, 1906,1908,1909,1917.1938; Roy, 1965, 1966, 1968, 1969, 
1970 and 2000; Sivaprakash, 1980; Krishna Rao, 1954, 1956a, 1956b, 1963a, 
1963b, 1964, 1967; Krishna Rao and Dhana Raju, 1966; Mahadevan and Rao, 
1956; Rao, 1981, 2000; Dasgupta, 1965, 1995; Dasgupta et al, 1993; Siddiquie 
(1986, 2000, 2001, 2003, 2004); Siddiquie and Raza (1990a, 1990b and 2008); 
Mukhopadhayay ct al, 2005 and Siddiquie and Bhat, 2008, 2010; Mukhopadhyay 
et al 2005; Siddiquie, 2004; Siddiquie and Bhat, 2008) are some remarkable 
research papers on the various geological aspects of manganese ores of 
Vizianagram. However, there is a vaguely projected gcochemical picture in the 
background of mincralogical blueprint of the Vizianagram, manganese ores and 
their host rocks. The present ore deposits were not assigned to any particular 
genetic environment in the region in the light of global manganese ore genesis. 
This objective could be achieved by the experimental mincralogical studies and 
geochemical analysis of the ores and their host rocks with significant attributes to 
the regional geological setting, tectonic history, stratigraphy, local geology and 
structure in the light of geochemistry and mineralogy of the world manganese 
deposits with special attention to their geological conditions. The present research 
work will stress upon the bulk geochemistry including the major, minor and trace 
elements of the analyzed manganese ores and the host rocks of the studied terrain 
with special emphasis on their mincralogical diversity to project the desired 
geochemical picture of the study area. The sequential phases of these manganese 
ores from precipitation state to the present supergene deposits has passed through 
many geochemical and mincralogical changes as apparent in the present study. 
The present work aims at a critical assessment of the parameters that controlled the 
chemical composition of the Vizianagram, manganese ores through changes in 
physical and chemical environments that triggered the inauguration of manganese 
ore formation in the study area and the later metamorphisrn and supergene 
enrichment. The major, minor and trace elements and their inter-elemental 
relationships are expected to reveal the contribution of different elements from 
their sources in the geochemical system. The incorporation of the selected trace 
elements in the present manganese ores are also expected to reveal the different 
stages of the evolution of the manganese ores. The Vizianagram, manganese ore 
deposits hosted in the geologically complex terrain of the Eastern Ghats were 
studied in bodi field with reference to the tectonic, lithological and structural 
controls of ore deposition as well as in the laboratory for their geochemical and 
mincralogical aspects to probe the possible genetic environment and the later 
diagcnetic, metamorphic transformations and chemical alterations. Special 
attributes of the tectonics and associated mineralization in the sub-continent since 
the Precambrian were given due consideration to infer the local manganese ore 
genesis in the study area as a part of global manganese mineralization in the region 
in the different tectonic environments. The tectonic environment for the 
khondalites and charncokitcs are expected to unearth the tectonic environment of 
the geochemical system. 
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1.10 Literature review 
The Vizianagram, manganese ore deposits and the adjoining areas came 
to the knowledge during Brhish rule in India during 1858, while the survey of railway 
tracks by Britishers. The first export of manganese from India was registered from 
this belt, genesis of which was opined due to the concentration of manganese in 
igneous rocks called as Kodurites by Fermor (1909). Fermor (1909), in his classic 
Memoir "Manganese Ore Deposists of India" detailed the geology of Visakhapatnam 
and the mineralogy of the manganese ores. According to Fermor (1909), Koduru 
manganese ores of the Vizianagram, Andhra Pradesh represents a hybrid rock 
consisting of garnet (spessartite-andradite), potassium, feldspar, manganese , 
pyroxene and apatite formed by the contact mctasomatic effect of granite plutons on 
manganiferous county rocks. However, later investigations did not reveal the 
presence of any such Kodurite and the manganese dcposhs indicate a meta-
sedimentary origin (Roy 1981). He opined the igneous origin of manganifen'ous 
rocks of the area, however introduced the petrographic term "Koduni" for the group 
mainly consisting of acid rocks in the area. Cross (1914) questioned the Fermor 
(1909) opinion of igneous origin of Kodurites and the later accepted. Cross (1914) for 
the hybrid origin of the rocks of the area, Fermor (1908) and Prabhakar Rao (1950) 
accepted the hybrid origin of the Kodurite series and concluded the associated 
manganese ores as mainly derived from the decomposition and chemical alteration of 
manganiferous rocks of the Kodurite series and partly due to replacement by 
manganiferous solution. Dunn (1936) also opined for hybrid nature of manganese ore 
bearing rocks of the area analogous to that of Sausar Series in Madhya Pradesh with 
the only difference in grade of metamoiphism between them. Orcel and Pavlovich 
(1931) and Mason (1942, 1943a and 1943b) gave a broad account of manganese 
mineralogy of the study area. While as Mason (1944 and 1947) gave a detailed 
account of the mineral phases of the present area. The Dharwar supergroup in the 
present study area is represented by Lower Dharwars (Gneisses) stratigraphically and 
East Centra] Zone represented by granulites, gneisses and schists on the basis of 
exposure as per the classification of Rama Rao (1940). Rao (1950).Krishna Rao 
(1950) opined that the manganiferous rocks arc result of hybridization of 
manganiferous khondalite by granite. Strackzeck and Krishanswaray (1956) carried 
out regional prelimnary mincralogical survey and the geological mapping of the 
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present study area. The manganese ore deposits of the study area occur associated 
with paragneiss and are quite independent of any local intrusions (Krishna Rao, 
1954). Krishna Rao (1954) and Siddiquie and Raza (2008) also found that the 
manganese ore bearing rocks are sedimentary in origin and the ore deposits are 
formed due to oxidation and enrichmnent of spandite garnet and associated 
manganese minerals in the meta-sediments. Raghav and Rao (1955) aiid Krishna Rao 
(1964, 1967) mapped portions of the study area and some adjoining parts. According 
to Mahadevan and Rao (1956), die manganese ores of Koduru are "part and parcel" 
of the khondalite suite of the metamorphosed sedimentary rocks of the area. The ore 
bands and lodes are being conformable and co-folded with members of the khondalite 
series. According to Krishna Rao (1963a), the manganese ore deposits are of three 
genetic types as primary bedded deposits and secondry deposits formed due to 
oxidation and enrichment of manganese silicate minerals and the third type as 
replacement deposits. Strackzeck and Krishanswamy (1956) disagreed with the 
presence of any Kodurites of Fennor (1909) in the study area. Roy (1958) discussed 
some similar mineralogical assemblages and micro textures of the manganese ores 
from Tirodi mines of Balaghat district of Madhya Pradesh. Krishna Rao (1954) 
mapped the manganese belt of the present study area to elucidate the structure and 
stratigraphy of the area. Rao, G. (1969) suggsted that the manganese ore deposits of 
tlie area are of supergene oxidation and enrichment. Krishna Rao (1963b) also carried 
out some micrscopic work on the manganese ores of the study area. Roy (1966) 
considered the manganese ores as lateroid and replacement deposits. Bhattacharya, et 
al (1984) carried out petrography of the study area in and around Garbham and 
opined that the basic charnockites were originally sedimentary in origin and was 
metamorphosed subsequently. The Eastern Ghat sequence in Koduru, Garividi and 
Garbham in Andhra Pradesh were metamorphosed to granulite fades and hosts Mn-
oxide ores of a conjectured shallow water shelf environment (Roy, 1981). 
Sivaprakash (1981) worked on petrology of the calc-silicate rocks of Koduru, 
Vizianagram and worked out three varieties of the calc-silicates which originated as 
mixtures of limestone/dolomite/marble. The khondaiites of the study area were 
originally thought to be hybrid rock consisting of garnet, potassium, feldspar, 
manganese , pyroxene and apatite formed by the contact mctasomatic effect of 
granite plutons on manganiferous country rocks and was named as "Kodurite" by 
Termor (1909) but was later on declared as meta-sedimentary sequence (Mahadevan 
and Rao, 1956; Roy, 1981). Interbcdcd with these manganese ores are calc-silicate 
rocks named variedly by different workers as calc-gneiss (Fermor 1909) and calc-
granulites (Krishna Rao, 1964. 1967). Murthy and Acharya (1975) gave a detailed 
account of the mineralogy, genesis and paragenesis of the manganese ores of the 
region. The khondalite suite in this region comprising gamet-sillimanite gneisses, 
gamet-sillimanite, quailzite, gametiferous, granite, gneisscs/migmatitic gneisses, 
leptynite and sapphrine granulites exhibit typical meta-sedimentary characters in 
terms of lithology and geochemistiy (Raju and Rao, 1994). While Mohapatra and 
Nayak (2005a, 2005b and 2009) gave a detailed account of mineralogy, texture and 
chemistry of different \arieties of the manganese ores from the adjoining state, 
Orissa. Mezger and Cosca (1999); Bhattacharyya et al (1984) declared high grade 
metamorphism in the region. Mishra et al (2006) have classified the manganese ores 
of the region into stratiform, stratabound and detrital ores , based on the mode of 
occun-ence. 
Siddiquie (1986) gave a detailed account of the geology of the study area 
with emphasis on the geochemical nature of the manganese ores. Kamineni and Rao 
(1988) studied district Vizianagram, (A.P) in context of metamorphism and UHT 
metamorphism (* 1100" c) metamorphic event at crustal depths of 30-35 kms (8-10 
kb) was reported from high Mg-Al granulites. However, according to Harley (1998) 
and Harley and Buick (1992) petrological invesitigations of granulite terrains of the 
world have revealed UHT metamorphism i.e. > 950"c. Raju and Rao (1994, 2001), 
while working on the petrology, geochemistry and evolution of the chamockite-
khondalite-anorthosite in the region concluded that the khondalite suite comprising 
Garnet-sillimanite-gneisses, garnet-sillimanite-quartzite, Ganiet granite 
gneisses/Migmatitic gneiss, Leptynite and sapphirine granulites exhibit typical meta-
sedimantaiy characters and interms of lithology and geochemistry. They also 
attributed to hcterogenity in the composition of metapelites to the mixed source of 
basic rocks and tonalite/trondhjemite, probably the Archaean crust (Raju and Rao, 
1994). Bhowmik (1997) also gave a detailed mineralogy of the khondalites of the 
region. The present terrain has been subjected to high grade metamorphism of 
granulite facies as a part of EGMB and represents one of the few documented high 
grade teiTains of the world metamorphosed at -1000" C and 9-10 Kbar (Dasgupta and 
Scngupta, 1995 and Harley, 1998). The calc-silicatc rocks were syngenetic, cofolded 
with manganese formations and were metamorphosed isofacially (Siddiquie and 
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Raza, 1990a, 1990b and Siddiquic and Bhat, 2010). The occuiTcnce of extensive 
manganese , iron oxides, laterite and bauxite along with poekets of graphite in these 
rocks of EGMB support rapid changes both in the physico-chemical and 
en\'ironmental conditions, during and after the formation of the kliondalites. The 
manganese ores of the study area have high phosphorus as compared to the other 
manganese ores of India (Siddiquic and Raza (1990a, 1990b). Siddiquie (2001) 
reported unusually high P^O? contents from the manganese ores of Vizianagram, 
attributed to the apatites of the host rocks. Siddiquie (2000) modified the stratigraphy 
of the study area and reported two lenses and pockets of red and green shales 
(Siddiquie, 1988a) from the study area for the first time and with some emphasis on 
province and sediment supply of the original .sedimentary basin. Siddiquie (1988b) 
also reported the presence of some algal bodies from the Precambrian Crystalline 
Limestone, at Garividi, Vizianagram. Siddiquie (2000) reported unusually high 
phosphortis from the manganese ores of the study area while as Siddiquie (2003) 
modified the stratigraphy of the study area. The charnockites occur mostly as huge 
massifs and exhibit intrusive relationship with the mcta-sediments, the khondalites of 
the region (Raju and Rao, 2001). Mukhopadhyay ct, al (2008) studied the controls of 
evolution of the ultra-high temperature mineral assemblages of the study area. 
Dobmier and Raith (2003) studied the area for geological history, lithology and 
metamorphic grades and have been included in the Domain 111 of Eastern Khondalite 
Zone of Rickers et al (2001) dominal classification of the Eastern Ghats mobile Belt. 
Siddiquie (2004) gave a detailed account of the metallogenesis of the manganese ores 
of the study area. The Vizianagram, manganese ores have a remarkable mineralogical 
and geochemical similarity with the manganese ores of Orissa (Acharya and Nayak, 
1998; Acharya and Dash, 2002; Mohapatra et al. 1989 & 2009), Siddiquie and Bhat 
(2010) studied the mineralogy of the Vizianagram, manganese deposits and 
concluded the sccondry ores in the form of lenses is of commercial grade while the 
syngenctic primal^ ores are metamorphosed and low grade. Siddiquie and Bhat 
(2010) while working on the geochemistry of the Vizianagram ores concluded that 
formation of the ores took place in two stages of Metamorphism followed by 
supergene alteration. The ore deposits are essentially formed from the original 
sedimentary source (Siddiquie and Bhat 2010), Bhattacharya (1988, 1996) while 
working on the study area concluded that the most of the Indian manganese deposits 
including the present one are of medium and low grade type. Geochemistry has an 
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important bearing on all mineral deposits to understand the basic geological process 
involved in the formation of mineral deposits and the then associated environmental 
factors. It also reveals the history of the mineral deposits through which it has gone 
since its formation. The source material of the deposits is also possible to be traced 
with the help of modern geochcmica! techniques. The gcochcmical study of the 
manganese deposits and the host rocks has a regional importance in inferring the 
regional geological history and tectonics on which correlation with that of the 
adjacent land masses like Antarctica will be useful in clearing the doubts in fades 
mapping, tectonic setup and palaeo-environmental and palaeotectonic reconstruction 
of the region. The geochemical studies of the present manganese ore deposits of 
Vizianagram, is an important piece of research work to serve the economic geologist 
entrepreneurs and industrialists for opting the low to medium grade manganese ores 
of Vizianagram, as an alternate mineral resource to cope up with the stress on the 
existing high grade oceanic manganese from PMN (Polymetallic Nodules) and other 
ores. 
1.10 Materials and Methods 
1.10.1 Field work and Sampling 
The present sampling and field data with photographic documentation 
was caiTied out in sequential manner. The manganese ores of the Vizianagram, mines 
were studied in the field with reference to the tectonic, lithological and structural 
controls of ore deposition. Among dominant lithologies gneisses, gametiferous 
quartzites and calc-granulites are the members of khondaiite series, the meta-
sedimentai7 calc-granulite and quartzite are the favourable country rocks horizon for 
the manganese ore deposition. Folding is the major structural control and foliation 
planes are a minor stmctural control for the concentration of manganese due to 
tectonism and metamoiphism. The drag folding, foliation planes, kink bands, pressure 
shadow zones, strain slip cleavages and the joints as reported by Siddiquie (2004) are 
zones along which supergcne enrichment of the manganese ores have been earned 
out by meteoric waters. Sampling was carried out throughout the district and thirty 
manganese ore samples and sixteen host rock samples were collected for the present 
study. Preferential and careful selection of both primary and secondly ores was 
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carried out for the present piece of research work. The selected samples were coded 
and packed as per their respective locations for laboratory use. 
1.10.2 Ore inicrsocopy and Scaning Electron microscopy (SEM) 
Ore microscopy was employed to study the minerals present in the ore 
samples under reflected light using the impro\'ed version of ore microscope/image 
analyzer (Leica Qwin Color-RGB: 1991-2002, Taiwan Module). The sample 
preperation, polishing and mounting were done in accordance with Mukhopadhyay 
and Bancrjee (1990). The criteria for identification follow Usui (1979). For SEM 
(Scanning Electron Microscopy) the polished blocks were prepared as per standard 
techniques. Scanning Electron Microscopy investigations were made on both Au and 
C-coated samples using a JEOL JSM-6300 scanning electron microscope. This SEM 
is coupled with an X-ray energy dispersive spectrometer. Analytical EDX settings 
were 20 kV beam voltage and count time of 60 seconds (peaks). 
1.10.3 Petrography 
Sixteen host rocks of all the members of the khondalites and chamockites 
were prepared with standard pctrographic methods. The final thin sections were 
studied for mineral identification and micro te.xture and fabric to study the various 
effects of regional metamoiphism as declared in the available literature. The studies 
are expected to interpret the effect of the P-T conditions on the manganese ore 
mineralogy and bulk rock geochemistry of the ore and important khondalites 
members like calc-granulites, gametiferous quartzites, gamet-sillimanite-gneisses 
and the chamockites. 
1.10.4 X-RAY Diffraction (XRD) 
Fifteen manganese ore samples were selected for XRD Analysis to detect 
the ore minerals present in the samples. Ore samples were crashed to 200 mesh 
sizes using the electronic rock pulveriser and subjected to XRD tests to detect the 
various manganese minerals phases present in the samples. The detected minerals 
coincide well with the ore microscopic identification of the respecfive samples. 
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1.10.5 X-RAY Fluorescence (XRF) 
The major and trace elements of the host rocks were carried out by 
standard XRF techniques, analyzed by Wave Length Dispersive XRF system 
(Siemens SRS 3000). Lucas-Tooth and Pync (1964) procedure was adopted for the 
analysis. The samples were analyzed using powder pressed pellets using a number 
of mternational standards (such as SCO!, SGRl, GXR2, GSD9, MAG-1) along 
with the samples monitored the quality of the analysis used for the MGT5, FCR4, 
MGT4 and PLD2 samples. Whereas for the samples DVQ3, DVQ2, SDP3, SDP4 
and FCR5 the international standards of BCR 1, BHVO-1 and MB-H are used and 
the granite standard of JG-2, G-2, GSP-1 and DG-H are used for the analysis of 
DVQl, DVDl, DVM4, PDPl, PD P2, SDPl and SD P2 samples. Precision for the 
major oxides were always better than 1.5%. The accuracy and precision is 1-3% 
for major oxides and P2O5, MnO and trace elements it was better than 5%. 
1.10.6 Atomic Absorption Spectrophotometer (AAS) and ICPMS 
In order to understand the bulk geochemistry and resultant mineralogy of the 
manganese ores, major oxides and selected trace element analyses were carried out 
by Atomic Absorption Spectrophotometer using Shapiro and Branock (1965). 
SiO:, Ti02, ALOj and P2O5 were determined by using spectrophotometer using 
the standards prepared by Merck (Germany) AAS standards traceable to Standard 
Reference Material (SRM, Al). Na20 and K2O were measured by the flame 
photometric technique. Fe20.i, FeO, MgO, MnO and CaO were determined by 
titration methods. However the accuracy was found better with the ICPMS results 
for both major and selected trace elements. The finely powdered and dried (at 
70°C) ore were digested in a mixture of HF-FICIO4-HNO3 (Loring and Rantala, 
1992). Complete digestion was ensured by repeating the acidification until a clear 
solution was obtained and brought into solution in 0.5 M MCI (25 ml) using Milli 
Q water. Samples were analyzed on a flame ICPMS. Calibration was made with 
suitable elemental standards. The precision as estimated by standard deviation 
from mean and accuracy for this instrument were respectively :t 5% and ± 2% for 
Si02 and ± 2 and ± 2 for ALO? and ± 3 and ± 0.5 for Ti02 and ± 2 and ± 0.1% for 
P2O5 for ferrous and ferric iron the precision and accuracy obtained is ± 1 and ± 
0.1 for MnO and ±1 and 0.05 for Mg while it i,s ± 0.05% and 0.01% respectively. 
The results of ICPMS for the manganese ores are interpreted with the related 
sofatwares. 
1.10.7 Loss on ignition 
LOl was determined gravimetrically at a temperature of 1000°C. Using 
this LOT value, analytical totals remain too low for ore data sets except for the 
rock samples. Further LOl measurements of the ore samples were thus repeated at 
1200°C (12 hours). These results showed improved totals, as the mass change 
values showed an average increase of 1% for the manganese -rich zones. This is 
explained by the fact that only at temperatures above 1000°C, most manganese 
bearing minerals in the Vizianagram, ore transform into Mn304 and carbonates 
dissociate to COT and oxide (Gutzmer and Beukes, 1996). Repeated LOl 
determination on selected samples indicated a reproducibility of ±1%) relative for 
earlier data. 
1.11.8 Data plotting and softwares 
The geochemical data obtained from the analysis of the ore and rock samples has 
been interpreted and plotted with the help of Grapher, Sigma Plot and M. S Excel 
Other software used include Photoshop, Corel draw (9.2) M. S. Paint. 
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Chapter 2 
Geology and structure 
2.1 Regional geology at glance 
The curvilinear Eastern Ghat Mobile Belt (EGMB) fonnerly called as Eastern Ghat 
complex (EGG) has been included in the Precambrian-II (2500-3000 Ma) of the 
classification of the Indian Precambrian as per the radiometric dating of Indian Precambrian 
rocks by (Sarkar, 1968). The study area, Vizianagram, is an integral part of Eastern Ghat 
Granulite Belt (EGGB) and represents a part of the eastern coastal strip of India. The EGMB 
is a prominent Precambrian orogenic belt that stretches intermittently for more than 900 km 
parallel to the east coast of India having >300 km width in northern part and a few tens of 
kms in southern part (Bhowmik, 1997). The study area falls in Dharwar system of India 
which is synonym for the Archaean and represents the oldest Supergroup of Geological 
Formations of India (Fermor, 1909). It constitutes the most metamorphosed sector of the 
Precambrian Indian shield hosting several mineral deposits. The entire region is also 
included under East Gondwana along with Antarctica and Sri Lanka where reassembly of 
East Gondwana has juxtaposed the EGB against the parts of East Antarctica between 40° 
and 70" East Latitude play crucial role in solving the Precambrian orogenic process, 
metamoiphic event, tectonic episodes and the configuration of Eastern Gondwana before 
approximately 500 Ma (Dasgupta and Sengupta, 1995). Geologically, the region represents 
one of the few documented high grade terrains in the world, metamorphosed at ultra-high 
temperature (-lOOOV) and 9-10 Kbar (Dasgupta and Sengupta, 1995 and Harlcy, 1998). 
The dominant rock types of present study area are of meta-sedimentary origin with definite 
imprints of igneous and metaniorphic activities and the tectonic events that has visited the 
area from time to time. The available literature on the region shows that the dominant rock 
types of khondalites and chamockites are disrtibuted throughout Eastern Ghats is a 
continuous granulite belt, with diverse lithological characters and mineralogical and 
geochemical compositions. On the basis of isotopic geochemical studies of Rickejs et al 
(2001), the EGB has been divided into North Eastern Ghat Belt (NEGB) and South Eastern 
T: 
Ghat Belt (SEGB) with Vizianagram, falHng in Late Archaean SEGB of 3900-2500 Ma. 
The wide range of ages has been attributed to superposed granulite and amphibolites facies 
events and the accompanying structural reworking of the region (Mezger and Cosca, 1999 
and Sengupta et al, 1990 and, 1999).. The mineralogical and chemical characteristics 
observed in these rocks reflect heterogeneity ni the metapelite composition and indicate 
more than one source for the parent sediments, predominantly basic in nature. 
Geochemical characteristics of the provenance for these rocks was a mixed source of 
basic rocks and tonalite/trondhjemite, probably the Archaean crust (Raju and Rao, 2001). 
Mineralogical and geochemical characteristics coupled with their field observations indicate 
a magmatic origin for the charnockites of the region (Raju and Rao, 2001). Dobmeier and 
Raith (2003) have summarized the geological history of the belt. The major rock types are 
khiondalites (quartz + K-feldspars + biotite + garnet + sillimanite ± graphite), charnockites 
(quartz + K-feldspars + orthopyroxene + clinopyroxene + garnet ± biotite ± araphibole), 
migmatitic gneisses (quartz + K-feldspars + biotite + amphibole) with less dominant 
intemaediate granulites (quartz + plagioclase + clinopyroxene + orthopyroxene + garnet). 
Small plutons of granites, alkaline rocks and anorthosites have intruded these granulites, 
mostly along the western margin of the EGB. The Entire EGB is cut by the NW-SE trending 
linear rift zones, the Mahanadi and the Godavari Grabens in the north and south 
respectively, representing the Palaeozoic-Mesozoic sedimentation locales (Rao, G.N., 
2001). The EGB is juxtaposed against the Middle to Late Archaean Dharwar-Bastar-
Singbhum Cratons and are demarcated by a thrust fault with top to west displacement. The 
footwall cratonic rocks close to the thrust belt preserve inverted metarnorphic isogrades and 
the ten-ains on the either side of the EGB are characterized by distinct metamorphic P-T 
histories (Gupta et al, 2000). The belt has gained much importance in the recent years for 
the Rhodinia Supercontinent correlation as EGGB is coiTelated with the Enderby Land of 
East Antarctica (Yoshida, 1995). The various localities of the EGMB at regional scale 
having similar lithology as that of the present study area shown below in the decreasing 
order of areal extent; 
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2.2 Tectono-metamorphic history of the region 
The metamoiphism has a definite role in the evokition of the associated manganese 
ore deposits of the terrain and hence requires maximum attention. The EGMB is one such 
polymetamorphic granuiite beh (Dasgupta and Sengupta, 1995) and has hnportance in 
reconstructing past continental configuration and the later geological processes in the 
region. The available geological literature on the region reveal many complexities like 
polyphase deformation, complex and multistage history of granuiite facies metamorphism, 
partial melting under granuiite facies condition and the diverse style of mehing. The 
common P-T cultures or domains can be identified. High P-T conditions of 900''-1000"c at 
9.5-10 kbar, intermediate P-T conditions of 700"c at 6-8 kbar and lower P-T conditions of 
650-700'c at 4.5-6 kbar. These sets of conditions are found in many localities of the EGMB 
(Sen et al, 1995). The khondalite-charnockite terrain of Vizianagram, district, A.P. bears 
imprints of different metamorphic episodes of strong deformation and can be related to that 
of the deformations as Dl, D2, D3, D4 and D5 associated with the respective fabric 
developments (SI, S2, S3 and S4) and the mineral assemblages as worked out by (Bhowmik 
et al, 1997). However, only SI and S2 fabrics were recognized by Kar (2007). The distinct 
metamorphic events are related to the P-T conditions and are displayed as folds, faults, 
fabric and reaction textures and mineral assemblages. Regional granuiite terrain within 
Precambrian shield areas, with no record of gradual transitions to lower grade zones are 
typified by the preservation of relatively uniform granulites assemblages, revealing similar 
physical conditions over very large regions (Harlcy, 1998). The contrasting post isobaric 
cooling and isothermal decompression have been recorded from several areas in the Eastern 
Ghats Granuiite Belt (Lai et al, 1987; Dasgupta et al, 1991, 1993a and Bhattacharya, 1996). 
However barring a few (Bhattacharya and Kar, 2002), the prograde P-T trajectory is rarely 
documented in addition the significance of the extreme metamorphism and the regional 
context of the post peak P-T paths is not clear as the assemblages are poorly constrained. 
The views of Harley and Buick (1992) on the Protcrozoic granuiite terrain are applicable to 
the Vizianagram, granulites on a regional context and the statement that the pre Greenvillian 
high grade terrains not only consist of reworked older crustal material, but may also contain 
newly accreted material. The entire Belt has undergone polyphase deformation 
(EJhattacharya, 1997) and three episodes of regional metamorphic events; 1600 Ma and 100 
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Ma granulite facies metamorphism and 550 Ma amphibolite facies metamorphism (Rickers, 
el al. 2001) whose imprints are not preserved uniformly in all phases. The granulites of the 
NEGB and SEGB also record peak metamorphic pressures from 8 to 12 kbs and peak 
temperatures from around 800" to 1000"c showing variable retrograde (clock wise and anti-
clockwise Paths). Although the exact ages of these metamorphic events are not fully 
established, the available isotope geochronologic data clearly suggest that the western 
margin of the NEGB and SEGB are dominated by the imprints of 1600 Ma granulites facies 
metamorphism while the Eastern parts record 1000 Ma old granulite facies and 550 Ma 
amphibolites facies metamoiphism (Mezger and Cosca, 1999). The radio element data of 
Kumar et al (2006) shows that the dominant granulite facies rocks in NEGB and SEGB are 
enriched in radio elements (3% K, 3 ppm U and > 30 ppm Th), while the intermediate to 
mafic granulites are depleted. Geophysical and geobarornetric estimates have concluded that 
granulite teirain in the present region represents an over thickened crustal segment. 
Subramanyam and Verma (1986) also considered a denser crust beneath the Eastern Ghats 
from their gravity data. Dasgupta et al (1993) from his petrological studies from Akaru-
Antagiri areas of Andhra Pradesh proposed magmatic thickening by underplating, as the 
cause of granulite facies metamorphism of the enclosing rocks. Mukhcrjee (1989) suggested 
that anorthosite magma in Bolangir caused the granulite facies metamorphism. 
Ramakrishnan et al (1994) in a review suggests that emplacement of anorthosites and 
alkaline complexes marked the initiation of Eastern Ghats basin. Chetty and Murthy (1998) 
proposed early thrusting as the cause of crustal thickening m Eastern Ghats. The fact is that 
a significant proportion of the granulite terrain is occupied by the meta-sedimentary rocks 
mainly (khondalites) which attained deep burial upto 35 kms indicated by the barometric 
estimates of 10 kbar. The mafic granulites (protoliths of which were assigned the role of 
underplating or intraplating) by Dasgupta et al (1993) are of significant volume, precludes 
the possibility that mafic granulites or more properly their protoliths might have supplied 
the necessary heat for the granulite facies metamoiphism. The zonal distribution of the 
dominant lithologies in the Eastern Ghats as proposed by Nanda and Pati (1989) and 
Ramakrishnan et al (1998) including the present study area of Vizianagram, A.P. and is as 
below; 
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1. The western charnockitic zone comprising chamockiles, basic granulites and 
layered anortliosites and alkaline complexes. 
2. Western khondalite zone dominated by meta-sedimentary rocks of khondalite 
group namely, garnel-sillimanite gneiss, garnetiferous quartzites, calc-silicate rocks 
and rare marbles. 
3. The central migmatized /metapelite zone is the major unit essentially comprising of 
migmatite gneiss (including quartzo-fcldspathic gneiss) with khondalite enclaves, 
charnockite with basic granulitc enclaves and k-fcldspar porphyritic granites. 
4. Eastern khondalite zone consisiting essentially of migmatised garnet sillimanite 
gneiss, garnetiferous quartzites and calc-silicate rocks. 
This geological work simplified the complex field relations of the lithologies. The 
present study area lies in the 2'"' and 3"^  zones with the Mn mineralization confined to the 
central metaplelite zone of the EGMB only which includes the entire district Vizianagram, 
(A.P) as detailed m table 3. 
2.3 Local geology and Stratigraphy 
The geology of district Vizianagram, (A.P.) has been a long debate of last two 
centuries for the geologists due to complex geological structures and the diverse lithology. 
Lithologically, the study area belongs to the Kodurites, an intmsive rock named by Fermor 
(1906) typically exposed at Koduru in Vizianagram. The Dharwar Super Group in the 
present study area is represented by Lower Dharwars (Gneisses) stratigraphically and East 
Central Zone represented by granulites, gneisses and schists on the basis of exposures. The 
entire sequence is regarded as meta-sedimentary (Mahadevan and Rao, 1956; Siddiquie 
2004; Siddiquie and Bhat 2010). The study area is mainly dominated by the different 
members of the khondalite and a few members of charnockite Group of the Archaean 
Granulite Facies (AGF) teiTain are the High Grade Granulites of EGGB and consists of an 
assemblage of metamorphosed argillaceous meta-sediments Garnet-sillimanite-gneiss as at 
Garbham, Chipurapalle and adjoining areas, Arenaceous (quartzite and garnetiferous 
quartzite) as at Garbham, Kodum, Perappi and Avagudem and Calcareous sediments (Calc-
granulite and gneisses) as at Koduru and Gadabavalasa areas (Siddiquie, 2004; Siddiquie 
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and Bhat, 2010). The Calc-granulite, quartzite and khondalites being syn-sedimentary 
formations are conformable and co-folded (Roy, 1966). The calc-silicate rocks known as 
Calc-Gneisses (Fermor, 1909) and calc-granulitcs (Rao, 1964, 1975) were syngenetic with 
the manganese formations and were metamorphosed isofacially. Subsequently, granitic and 
migmatitic activities of different intensities took place. In view of the complex structure of 
the most precambrian formations, it is also difficult and often impossible to determine the 
age of the latest metamoi"phic episode and the supeiposition of the meta-sedimenatry 
sequence (Roy 1981). 
The gradation of the Garnetiferous Gneiss to Feldspathised Gneiss is evident in 
Vizianagarm and may have arised as a result of granitization of the garnetiferous gneiss 
under the effect of regional mctamorphism. The layered nature of the khondalites and 
chamockites of the Vizianagram terrain can be attributed as a similarity of shallow levels of 
emplacement in relatively stable environments prior to the multiple episodes of deformation 
(.lackson and Thayer, 1972). The major rock types include various members of khondalites 
are believed to be meta-sediments. The exposures of metapelites witness granulite grade of 
mctamorphism by preservation of gneissic banding, mclanocratic and leucocratic layers in 
various rock types (Figures 2.3e; 2.4a, d and f). The presence of the various types of 
cliarnockites in the vicinity of the khondalites in the studied terrain is a clear cut evidence of 
mctamorphism and charnockitization and formation of the metapelites. The terrain is 
intercepted by some leucocratic bands and garnet bearing granite bodies but the samples 
was collected far from these contacts. Massive charnockites arc seen along Dawarapudi, 
4km south of Vizianagram and Bodavalasa, 7km north of Vizianagram. 
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Table 3 Major outcrops of khondalites and chamockites in the region. 
Lithology North Eastern Ghats Belt South Eastern Ghats Belt 
Angul Tangi 
Charnockites Nayagarh Dasphalla 
Phulbani Bhanjanagar 
Boira 
Gneisses Angul, Boinda 
Tangi, Deogan 
Patnagarh, Saintala 
Bhawanipatna Muniguda, Rayagada 
Palakonda Srikakulam, Larataput 
Parvathipuram Bobbilli Vizianagram, 
Koraput Anantagiri Boipariguda 
Lamtaput Mattiii K. D. PetKondapalli 
R. C.Varam. 
Palankonda, Srikakulam 
Vizianagram, Anantagiri. 
Intermediate 
Granulites 
Nayagarh, Sainlala Koraput, Sunabeda 
Araku, Amravatti 
Kondapalli, Lakshmipur 
Khondalites 
Angul, Boira 
Deogan, Patnagarh 
Saintala 
Anorthosites Bolargir 
Visakhapatnam, Vizianagram, Koduru, 
Garbham, Sadnanadapuram, Devada, 
Duvvani, Perapi, Avagudem, 
Vijaywada, R. C. Varam. 
Mafic 
Granulites 
Karlapada and 
Ramkuru 
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The Khondalites mostly show folding, fracturing, banding and kinking and 
deformation of bands, fractures and faults (Siddiquie, 2004) which collectively demonstrate 
that the rocks in this zone have undergone strong ductile defomiation and have developed a 
pervasive shear foliation defined by preferential alignment of ribbon quartz, elongated K-
fcldspar clasts and alternate coarse and finer bands. Kink bands are frequently seen in 
gneissic members while in metapelites the alternate bands of quartzo-feldspathic and mafic 
layers (Figure 2.3d-e) are due to the dehydration, melting and segregation during first 
metamorphic episode (Bhowmik et al, 1995). Field observations of the Khondalites and 
Charaockites of district Vizianagram, (A.P) display regional cleavage, foliafion fold 
lineation traversing the terrain, kink bands are frequently observed in these metapelites 
(Siddiquie, 2004). The earliest recognizable structure in the rocks of the present terrain is 
the pervasive gneissic foliation characterized by the segregation of granulite facies minerals 
such as porphyroblastic garnet in khondalites (Figures 2.4b-d) ferromagnesian minerals in 
orthopyroxene granulite, poiphyroblastic garnet and scapolite in calc-silicate granulite 
(Figure 2.4e). 
The charnockite group is represented by the hypersthenc bearing granulites and 
gneisses in intimate association with the meta-scdimentary khondalite Group. The 
chamockites are hypersthencs granulites corresponding to the basic division of the 
charnockite series. The pyroxene granulites occur as sill like bodies within the medium to 
coarse grained khondalites and plagioclase-quartz hypersthcne granulites in the eastern parts 
of Vizianagram. The rock units occur mostly as isolated hills and their relationship with the 
meta-sedimentary group of khondalites is not clear. Other rock types in the area found were 
proved to be khondalites migmatites, calc-granulites, migmatites, quartzite migmafites and 
charnockite migmatites which were also reported from other parts of the EGMB ((Rao, S.V. 
et al, 1981). The complete structural geometry is not clear due to the lack of critical 
exposures and sufficient data as well. However bedding, foliation, lineation, major and 
rr.;inor folds, faults, joints and shear zones are widely seen in the field. The primary planar 
structure represents the penetrative foliation planes, which trend NE-SW and N 70 E - S 
70" W. Three well developed and major sets of joints have been observed with N 25 W - S 
25" E with 40"-50" dip amounts and some vertical joints trending N-S with vertical dip in 
the cjiamockites. The migmatitic chamockites and some mafic granulites are characterized 
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by the compositional banding of pyroxenes and/or pyroxene-garaet segregation which 
constitutes the penetrative fohation and is axial planar to rootless folds. The metamorphism 
attendant with SI foliation is of graniilite facies and is evident from the most common P-T 
values given by Garnet-sillimanite-ilmenite-mtilc assemblage metapelites and pyroxene-
garnct-plagioclase-quartz assemblage in the charnockites and mafic granulites (Sen et al, 
1995). In Vizianagram, metapelites original compositional layering/bedding is locally 
preserved in rootless and drag folds (Figure 2.3 d-e). The second types of folds are tight to 
isoclinal, frequently overturned as seen in figure 2.3a. They are the most common folds 
observed in the region that also control map pattern. The khondalites having axial planar 
foliation is locally defined by garnet or sillimanite segregations while as in charnockites it is 
represented by flattened quartzitc and/or garnet segregations. Bhattacharya (1994) also 
reported the preservation of various foliations in the enclaves of charnockites and the mafic 
granulites of the terrain. Bhattacharya (1994) has demonstrated that the NE-SW Eastern 
Ghats trend is defined by SI foliation and because F2 folds are isoclinal, S1/S2 is regionally 
parallel. Local variations in the present study area are due to large scale F3 folds. The Mn 
rich rocks occur in a radial belt in the district Vizianagram, (A.P.) along Chipurupalle, 
Garbham, Garividi, Sadanandapuram and Koduru localities (Figure 1.2). The present 
granuhtes as reviewed by Dasgupta and Sengupta (1995) are polymetamorphic. The Mn rich 
rocks occur as interbanded sequence of oxide ore bodies and silicate carbonate rocks 
(.Dasgupta, et al, 1993). The silicate carbonate rocks occur as conformable lenses in Calc-
silicate-granulites and garnet bearing Quartzo-feldspathic gneisses. The Mn rich rocks share 
the same deformational history as the host and associated pelitic and calcareous gneisses in 
the present study area. A detailed account of mineralogy and petrology of khondalites from 
Koduni and Garbham-Vizianagram, have presented by Sivaprakash (1980), showing 
contrasting assemblages and mineral chemistry. All the Mn ore deposits located within a 
radius of 12-15 Kms in the district Vizianagram. (A.P.) present an insight into the 
geological evolution of the region by their mineral assemblages and geochemistry, which 
will be discussed in the following chapters. During the early metamorphism along an 
anticlockwise trajectoiy, the rocks were metamorphosed to Ca. 1000 C, 9-10 Kb and cooled 
nearly isobarically down to 750" to SOO^ C. The isobarically cooled granulites were reworked 
by a second granulite facies event (960-lOOOMa) that reached Ca.850°C. The retrograde 
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path of this metamorphism is characterized by near isothennal decompression to 4-5 Kbar. 
A third raetamorphic overprint has been recorded at 500-550 Ma (Amphibolite facies, 
Ca.600 C, 4-5 Kbar) in several places, especially around Vizianagram. The age of the 
earliest metamorphism is not clear yet. 
The charnockites (mostly hypersthene granite gneiss) occur as intrusive bodies with 
the khondalites in the study area. Pegmatite veins and felsic veins (Figures 2.3b and d) have 
been intruded into khondalites in the present khondalite-chamockite ten-ain (Siddiquie and 
Bhat, 2010). The ten-ain is mostly dominated by khondalites followed by charnockites and 
other igneous rock types. According to Siddiquie (2000), the terrain has three manganese 
ore horizons (Horizon I, II and III) associated with the khondalite members. The terrain 
shows outcrops of metapelites on a major scale with dominant members as garnet 
sillimanite gneiss in Vizianagram, (Sharma et al, 1974). It was also reported from the 
Garividi, Garbham and Chipuaipalle areas by Siddiquie (2000). Calc-silicate-granulites and 
quartzo-feldspathic gneisses are seen hosting the Mn-silicate carbonate rocks in Kotakara 
and Garbham area of Vizianagram, (Mukhopadhyay ct al, 2005). Present field work made it 
out that the manganese ores in the area occur primarily in association with Calc-Granulites, 
less often with other garnet sillimanite gneiss and quartzite members. The lithology in the 
present study area are dominantly mixed metapelites with clear mapable bands of 
garnetiferous quartzites and calc-granulites and the 2" group as charnockites mainly the 
massif types. The other types include pcraluminous granitic gneiss or garnetiferous granite 
gneiss. At places leptynites which include minor enclaves of charnockites rocks at places 
and the minor ones consist of poiphyritic granites. In Garbham block, the dominant rock 
types are calc-granulites as dominant metapelitic rocks. The different stratigraphic 
successions as worked out by many geologists from time to time with the latest available 
geological succession of the study area given by Siddiquie (2002) are as follows; 
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.3.1 Chipurupalle area (Krishana Rao, 1954) 
ARCHAEAN 
Recent laterite and loamy alluvium 
r Granite Gneisses 
I Manganese rich rocks "Kodurites' 
J Khondalite series 
^ Calc-granulites 
Quartz-garnet-sillimanite gneisses 
^ Quartzitcs 
3.2 Garbham area (Rao and Sarnia, 1978) 
Soil 
Laterite-calc tufa and Calcreta 
Pegmatite 
Pegmatite and Quartz veins. 
Garnet/granite gneiss. 
Garnetiferous and non-garnetiferous 
Quailzo-feldspathic rock. 
Biotite-gneiss. 
Charnockite. 
Gamet-sillimanite gneiss with or without graphite 
Calc-granulite with manganese ore associated with bands and 
pockets of lithomarge and highly kaolinised quartzo-
feldspathic apatite rock, the later in the majority of cases seen 
underlaying the Mn-ore zone. 
Calc-granulite highly weathered with intermixture of quartz-
feldspar-apatite rock. 
Manganese ore with chert and limonite quartzite. 
Gamct-sillimanitc gneiss (with or without graphite) 
interlayered with quartzite. 
2.3.3 Srikakulam-Visakhapatnam ( Roam, 1969 and Venkataramaiah et al, 191%) 
Granite, pegmatite and quartz Vein 
Hypersthene-gneiss (charnoclcitcs?) 
•" Garnct-sillimanitc gneiss (khondalitcs) 
Gamet-granulites-Ore Horizon-I 
Calc-granulites 
Calc-granuiites-Orc horizon-II 
Calc-siliimanite gneiss (khondalites) 
Coarse grained quartzites 
Feldspathic quartzite 
Garnetiferous quartzite-Ore Horizon-ill 
Feidspatliic quartzites 
Coarse grained quartzites 
Garnet-sillimanite gneiss (khondalites) 
I Biotite-gneisses 
Khondalite 
Series < 
2.3.4 Garividi, Vizianagram, (A.P). (Siddiquie, 2002) 
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igure2.2 Local geological map of district Vizianagram, (A.P) showing 
different blocks of manganese ore deposits in the khondalite-
chamockite terrain, district Vizianagram, (A.P.). (Modified after 
Siddiquie, 2000). 
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2.4 Structural setting of the study area 
The field observation of the study areas show a complex structural features of 
folds, faults and fractures of diverse types (Figures 2.3a, b, d and f) and is in support 
of the deformational events and the metamorphic episodes, associated with the 
regional metamoiphism in the region. The manganese ore deposits of the area are co-
folded and co-faulted,with the host rocks at many places in the study area (Siddiquie, 
2004). Folding is the main structural control and foliation planes are a minor 
structural control for the concentration of manganese ore during tectonism and 
metainorphism. The folding, foliation planes and the joints are zones of enrichment 
of supergene manganese ores. The ore is mostly localized in the areas of intense drag 
folding in the garnet granulite and garnetiferous quartzites of the study area. The 
supergene oxidation has also resulted into e.xtensive kaolinization of the host rocks 
(Rao, G., 1969). According to (Rao, G., 1969) the source of the manganese ore 
deposits are the garnet granulites associated with crystalline limestone and calc-
granulites and the garnetiferous quartzite associated with coarse grained quartzite at 
three stratigraphic positions in the khondalite suit of meta-sediments and not the 
Kodurite Series as envisaged by Fermor (1909) and others. Primary braunite, 
vredenburgite, jacobsite and hausmannite ore minerals are abundantly present in 
pockets and lenses of manganese ores. Ore minerals like jacobsite, hollandite, 
rhodonite and spessartite are also present in the ores from vicinity of quartz veins 
traversing the manganese ores at deeper levels. The field disposition and their 
relation with the country rocks reveal a major structural control on the ore deposition 
(Straczek and Krishnaswamy, 1956). The coarse grained quartzites occur as steep 
dipping linear bands in garnet sillimanite gneiss and are characterized by the 
presence of garnet, biotite, feldspar and Sub-ordinate sillimanite. The feldspathic 
quartzites of the study area are clearly mcta-sedimcntary in nature with rarely 
preserved graded and current bedding features. The Garnetiferous quartzites are fine 
to medium grained and contain about 40 per cent of spandite garnet (Rao, G., 1969). 
The regional strike of the outcrops is NW-SE with an average dip of 40,6*^ . The 
general strike of the manganese deposits follows the regional strike of the 
khondalites in the present area (Rao, 1975). The Regional trend of the rocks 
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encountered at Koduru, Deveda and Garividi mines is NNW, SSE but swing to NW-
SE in the eastern part of the belt, Chipurupalle and East to West in Pallapgudi-
Garbham and Echcrla areas of the Vizianagram, (Siddiquie, 2000). The fohation of 
the khondahtes follows the regional bedding planes and is also maintaining the 
parallelism with the compositional banding intruded by some secondry pegmatite 
intrusions (2.3b). The various types of folds encountered in the area include simple, 
tight, recumbant and overturned folds in Koduru, Garividi, Sadandapuram, 
Chipurupalle, Devada and Duvvam areas show symmetrical folds in NE 
Chipurupalle with manganese ore deposits located in the limbs (Rao, 1964). Granite 
Gneiss and granites have been reported from the core of the anticlinal structures in 
Muttivari, Duggivalasa-Yadaki area and recumbant type of folding from Garividi 
(Siddiquie, 2004), Major and minor faults mostly the radial and horst and Graben 
type have been also been reported from Koduru, Devada, Veduvalasa and other areas 
(Siddiquie, 2004). The various structural readings of dip and strike, folds, faults, 
fractures noted in the field are shown as follows (Table 4). However, no jointing has 
been found in the present khondalites in the area. 
Petrography of khondalites and charnockites 
The oldest meta-sedmientary khondalite Group of the study area serves as the 
basement for the younger formations (Kj"ishna Rao, 1954a; Siddiquie, 2004). The 
. Group consisting of interbeded intimate assemblage of metamorphosed argillaceous 
gametiferous sillimanite gneisses (GSG), Garaetiferous quartzite (GQT) as at 
Chipurupalle, Rayagada and Garbham (Siddiquie, 2000) and the arenaceous 
quartzite and Gametiferous quartzite (GQT) as at Garbham, Koduru, Perapi, 
Avgudem and Calcareous meta-sediments like Calc-silicate-Granulites (CSG) and 
Gneisses as at Koduru and Gadabavalasa areas are the granulite facies rocks 
(Siddiquie 2000). 
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Table 4 Lithological and structural data from various localities of the study area. 
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The khondalite suite comprising Garnet sillimanite Gneiss (GSG), Gametiferous 
Quartzite (GQT) and Calc-Silicate-Granulite (CSG) showing typical meta-sedimentary 
characters in terms of lithology, mineralogy and geochemistry (Raju and Rao, 2001; 
Siddiquie and Bhat, 2008). Megascopically the khondalites arc strongly to weakly foliated 
gneisses (Figure 2.3a and d) containing rounded garnet grains, biotite, hypersthene, 
feldspars and silky white needles of sillimanite. The melanocratic (ferromagnesian) layers of 
the khondalites in Garividi, Vizianagram, shows mineralogical variations within centimeters 
range (Figure 2.3e). The presence of hypersthene and quartz indicate that they were 
metamorphosed under the granulite facics mctamoiphisra already declared by Chetty and 
Murthy, 1994; Siddique, 2004; Siddiquie and Raza, 2008 and Bhattacharya, 2012. The 
chamockitcs are thoroughly distributed in the present study area as vein charnockitcs, 
pyroxene granulites and pegmatites (Figure 2.3b) exhibiting intrusive and discordant 
relationship with the khondalites. Mineralogical and geochemical data coupled with their 
field observations reveal metamoiphic origin of the manganese ore hosting khondalites and 
chamockites. Most of the Indian workers adopt Pitchamuthu's (1969) more general and 
aon-genetic definition of charnockitc as any quartzo-fcldspathic rock with orthopyroxene 
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and the definition found wide usage in petrology. According present field study, 
chamockites are discordant with other meta-sediments and contain garnet, orthopyroxene 
and even graphite with most of them rich in K-feldspars corresponding to granite 
mmeralogy rather than granodiorite or quartz monazitc. Although the terrain has 
experienced many mctamoiphic episodes that led to the change in bulk mineralogy, the 
remnant mineralogy is still preserved as traces and trails. The dominant constituents of the 
region are khondalites with garnet, sillimanite and biotite, feldpars and quartz are as main 
constituents throughout the study area. An attempt has been made to describe the mineral 
assemblages from the diverse rock types of the area under study. The various assemblages 
found on the basis of petrographical data of the representative samples from the district 
Vizianagram, (A.P.) arc discussed in section 2.6 as follows. 
Petrography and Mineralogy of selected samples 
The khondalites are the metapeiitic rocks of the study area dominantly comprising of 
garnet, feldspar, sillimanite, quartz, biotite, hypersthencs, cordierite, scapolite, woUastonite, 
magnetite and ilmenitc, cordierite, zircon and spinel, hi GSG, occasional rims of garnet 
around sillimanite with some spinel (Figure 2.5a) in some samples with abundant quartz and 
feldspars in the matrix supports the mineral paragenesis of the iron poor or leucocratic 
khondalites. Biotite is very diverse in presence as they may be enclosed in garnet, feldspars, 
quartz or cordierite. Most of the biotites throughout world are Al and Ti rich. Garnet and 
sillimanite coronas exhibit granoblastic texture in almost all samples of GSG with no 
prefen-ed orientation. Small fibers of sillimanite and subhedral biotite are seen in the large 
poiphyroblasts of garnet in some samples (Figure 2.4b and d). Two generations of garnet 
observed in the present khondalites in the form of porphyroblastic (Gpr) and the coronal 
garnet (Gcr). The Gpr is characterized by one or more of the minerals biotite, sillimanite, 
quartz, spinel and plagioclase. Sarogi et al (1993) reported a similar texture of two stage 
garnet growth i.e. before and after the formation of spinel, while working on the Granulite 
facies of Walmington complex Pennsylvania. Gpr is commonly found as clusters with 
porpliyroblasts of corundum (Cpr) and spinel (Spr). Cpr and Spr are the primarily formed 
spinel and corundum respectively. Presence of biotite inclusions in garnet is an important 
feature of some khondalites where two generations of biotite are clearly observed in the 
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studied khondalites samples. The first generation or primaiy biotite seen as inclusions in the 
garnet porphyrobiasts (Gpr). Secondry biotite replaces garnet (Gpr) and other anhydrous 
phases along fractures and other weak planes. Rutile is seen as minute grains in the matrix 
of some samples and also present as inclusions in the garnet porphyrobiasts. K-feldspars are 
dominantly seen in both iron poor assemblages and iron rich assemblages where as the 
porphyroblastic plagiocalse is restricted to iron poor assemblage. Garnet + quartz + 
orthopyroxene + silicate + quartz + spinel are specifically found in metapelites while as 
garnet + orthopyroxene in Fe-rich metapelites, coexistence of orthopyroxene and pigeonites 
in Fe rich khondalites. Garnet is also seen as elongated porphyrobiasts with preferred 
orientation with the sillimanite in GSG (Figure 2.5a) indicating foliation as a result of 
metamorphism. Symplectites of orthopyroxene + plagioclase in mafic khondalites, 
orthopyroxene + wollastonite + scapolites+ garnet in calc-silicate-granulite (GSG) from 
Garividi block as seen in figure 2.5b. Garnet is mostly seen as porphyrobiasts together with 
cordierite grains and fibrolitic sillimanite. The calc-silicate-granulite (GSG) from Garividi 
block shows wollastonite, scapolite and diopside with minor calcite, quartz and plagioclase 
(Figure 2.5b) Most of the assemblages contain some ilmenite needles and some zircons, 
rutile and spinel. The sillimanite prisms and garnet porphyrobiasts in the kliondalites of the 
region were also reported by Bhowmik el al (1997) and Siddiquie (2004). Sillimanite 
exhibits several tcxtural forms as inclusions in garnet (Gpr), riming spinel (Spr) against 
quartz. In some samples of GSG from Koduru block, thick blades of sillimanite are seen as 
intergrowths with hypcrsthene and magnetite (Figure 2.5c). The GSG samples contain 
garnet, sillimanite, biotite, plagioclase, K-feldspar and quartz, whereas in the GSG samples 
from Chipurupalle block, orthopyroxene-plagioclase-Spinel-quartz is also found with this 
assemblage (Figure 2.5d). Some melanocratic or mafic khondalites of the study area contain 
plagioclase orthopyroxene, biofite, ilmenite and magnetite with minor quartz, K-feldspars 
and hornblende. The Icucocratic members have lighter color due to abundance of k-
feldspars with biotite and garnet with or without quartz. Orthopyroxene is also seen around 
gann;t grains with feldspars in between them in the garncfiferous quartzite (GQT) samples 
of Vizianagram. The two dominant sets of mineral assemblages as quartz present and quartz 
absent in the khondalites of Vizianagram, were found and are as: 
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Al: Garnet - spinel - sillimanite - quartz - perthite - plagioclase - biotite. 
A2: Garnet - spinel - sillimanite - perthite - plagioclase - biotite. 
The basic chamockites in and around garbham consists of orthopyroxene with or 
without ciinopyroxenc, plagioclase (An50-An83) biotite and accessories including ilmenite, 
apatite and rutile (Bhattacharya et al, 1984). Mesoperthite is observed in all samples of 
chamockites. Granoblastic texture is dominantly seen in the non gamet chamockites with 
elongated crystals of orthopyroxene, plagioclase, gamet, feldspar and quartz showing 
hypidiomorphic texture (Figure 2.5e). Frequent presence of some microperthite in basic 
members can be attributed to feldspathization (Bhattacharya, et al, 1984). However, the 
chamockites in the study area are both garnet bearing and garnet lacking members 
throughout the terrain and are granoblastic with equigranular to inequigranular texture. The 
major constituents by visual approximation show feldspars (20-40%), pyroxenes (20-25%), 
plagioclase (15-20 %), orthopyroxene (10%), biotite (2-5%), garnet (3-4%). Gamet is seen 
as clear euhedral grains in most of the samples from Chipurupalle and Sadanandapuram 
areas and seem to be larger in size from those of the Koduru and Garbham areas of district 
Vizianagram, (A.P.) and may be attributed to the differential metamorphism in space. K-
feldspars are not seen only as individual grains but in the form of thin distorted rims around 
quartz, plagioclase and biotite grain boundaries. The Gamctiferous chamockites show 
orthopyroxene with garnet, plagioclase, biotite, K-feldspar and ilmenite. Apatitite grains, 
ilmenite, mtile and zircons have also been observed in many samples of the studied 
chamockites. Some CHR samples also preserve reaction inlergrowths and metasomatic 
textures of biotite and gamet with the newly formed orthopyroxene, K-feldspars and 
plagioclase (Figure 2.5t) similar to those reported by Rajesh (2010) from Nagercoij, South 
India and from Trivandrum block by Chacko et al (1987), suggesting close similarity of 
nietamoiphism in the region. 
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Figure 2.3 Field photographs of; 
(a) Folded Garnet sillimanite gneiss (GSG) near Sadanandapuram; 
(b) Pegmatite Intrusion in mealnocratic khondalites near Perumali; 
(c) Patchy chamockite gneiss on Garbham road, Garividi; 
(d) Ptygmatic folds and felsic veins in calc-granulite at Garividi; 
(e) Gneissic banding and melanocratic bands in Garnet sillimanite gneiss (GSG) at Kodur; 
(f) Weathered Khondalite and laterites, Garbham block, district Vizianagram, (A.P). 
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Figure 2.4 Hand specimens of; 
(a) Garnet sillimanite gneiss (GSG), Koduru mine; 
(b) Gametiferous Quartzite (GQT) from Devada querry; 
(c) Patchy ciiamcokite (CHR) from Garbham mine; 
(d) Quartzite (GQT) from Garividi mine; 
(e) Scapolite in Calc-Silicate-Granulite (CSG) from Garividi mine; 
(f) Pegmatitic quartzite from Chipurupalle blocic, district Vizianagram, (A.P). 
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Figure 2.5 Photomicrographs of; 
(a) Acicular sillimanite with garnet and biotite in GSG (khondalite) from Koduru; 
(b) Wollastonite-scapolite-diopside in CSG, Garividi; 
(c) Blades of sillimannite with hypersthene, garnet and magnetie in GSG, Koduru; 
(d) Orthopyroxene-plagioclase-Kfs-plagioclase in CSG from chipurupalle block; 
(e) Orthopyroxene-garnet-quartz-feldspar-ilmenite in GQT from Garividi; 
(f) Orthopyroxene - garnet -K-feldspars in CHR from Chipurupalle, district 
Vizianagram, (A.P.) 
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Chapter 3 
Vizianagram Manganese Ores 
3.1. General Introduction 
The oldest meta-scdimentai"y manganese ore deposits have been reported from the 
Iron Ore Group of India (3200-2950 Ma) and the Raodes Velhas Series, Brazil (>2700 Ma) 
followed by the Transwal Super Group of Republic of South Africa (2300-1900 Ma), 
khondalite Group (>2650 Ma), Dharwar Super Group (1500-900 Ma) as per Roy (1981, 
2000), the Gangpur Group (946-846 Ma and 1700-2000 Ma) and the Sausar Group (986-846 
Ma). The distribution of the sedimentary manganese ores of the phanerozoic age had a 
broad climatic control, most having been deposited in humid zones, confined to tropical and 
subtropical moist climatic zones with exceptions of temperate and arid areas never in 
permafrost regions (Strakhov, 1969). Precambrian meta-sedimentary Mn-ore deposits occur 
in many countries in fonnations of variable ages throughout the world (Table 1). Most of the 
manganese deposits and the enclosing rocks have been metamorphosed were radiometric 
dating reveals only the age of the latest metaraorphic episode and the actual ages of 
formation of the sedimentary deposits are often uncertain (Roy, 1981). Sedimentary 
manganese deposits like that of Vizianagram, witness modification by subsequent regional 
metamorphism were in manganese oxide-carbonate ore bodies and the manganese -silicate-
carbonate rocks show an intimate and conformable relationship in a syngenetic sequence, 
though one may also occur in the absence of the other. The manganese ores of this type are 
"metamorphosed" rather than metamoiphic in the sense that metamorphism means 
modification only the mineralogy and texture of the ores but has no role in their 
concentration. Metamorphic events in the region witness their role in concentradon of Mn in 
manganiferous sediments and the term "metamorphosed" manganese ore deposits is of wide 
usage for continental manganese ore deposits like that of the Vizianagram, deposit. The 
variations in temperature pressure conditions and the bulk compositions of the system 
during metamorphic events have led to the development of a range of minerals according to 
their stability and suitability at the PT conditions. Various models have been proposed to 
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undermine the genesis of manganese deposits of different types, may be grouped under 
hydrothermal, sedimentary, metamorphosed, meta-sedimentary and supergene deposits. 
Manganese ore deposits show wide variation in the mineralogy in different 
genetic types like, oceanic manganese nodules, shallow shelf and continental (Land, 
streams, springs and lacustarine) owing to the differential environmental conditions and 
source of the elements. The variation in the mineralogy of different genetic types of 
manganese ores like sedimentaiy, hydrothermal and metamorphic and supergene deposits 
can be attributed to a set of factors like source of the elements, basin configuration and other 
environmental factors. The minerals found in the Vizianagram manganese ore deposits have 
complex origin involving many stages of their evolution to the present state. The integration 
of the field observations with that of the laboratory studies like optical and geochemical 
studies are of vital importance to enhance the blue print of the origin and evolution of the 
present manganese ores. Sedimentary deposits composed only of manganese oxides, on 
dynamo thennal or contact metamoiphism are thus reconstituted to a high temperature lower 
oxide assemblage (braunite-bixbyite-hollandite-hausmannite-jacobsite-vredenburgite) as 
shown by deposits metamorphosed to green schist, to granulite facies and to 
pyroxene/hornblende homfels facies in India (Roy, 1962, 1964b, 1964c, 1966, 1968, 1972, 
1973; Mitra, 1965; and Lahiri, 1971), Otjosondu, Namibia (De Villiers, 1951) and mount 
Biandnuten, Norway (Westerville, 1961). In such ore bodies the main changes are the 
reduction of low temperature higher oxides to the high temperature lower oxides with 
textural changes to granoblastic texture and granulite fabric. The metamorphosed 
manganese ore deposits manganese silicate rocks (silicate-oxide, silicate carbonate and 
mixed assemblages) reflect the initial chemical and mineralogical composition of the 
sediments and their intensity of metamoiphism. With the accumulation of the data on the 
various aspects of manganese deposits in both terrestrial and oceanic records the unwinding 
of the mechanism involved in their formation has gained pace during the last few decades. 
Laboratoiy studies of the solution and mechanism of the deposition of manganese and other 
metals in the form of oxides, hydroxides and silicates etc. resulting into modes of formation 
of manganese deposits of different types are now fairly well understood to a good extent but 
some problems are yet to be solved. 
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3.2 Manganese ore bodies of Vizianagram 
The Vizianagram manganese ore deposits include bedded oxide ores (Figure 
3.2a-c) which are considered primary and syngenetic with the enclosing paragneisses 
(khondalites) and secondry massive botryoidal ores and irregular replacement bodies 
generally associated with zones of strong structural disturbance (Rao, 1960). The Mn-
silicate-carbonate manganese ores in the form of bands and horizons are associated with the 
oldest geological succession as in the region and are very complex due to intricate folding 
and faulting in the polyphase deformation of the region. The manganese ores of the study 
area are formed from the manganese silicate oxide and carbonate protore (Rao, 1982). 
Carbonate remnants are presci-ved at some deeply weathered mine pits along Perumali and 
Bangaruvalasa blocks. The manganese oxide ore deposits of Vizianagram occur extensively 
in the district as a part of meta-sedimentary sequence of the Precambrian khondalite Group 
(Roy, 1981; Siddiquie, 2004), These manganese ore bodies are conformably interstratified 
with and enclosed in different members of the kliondalites Group and enclosed at different 
stratigraphic levels with calc-granulite and its contact with gamet-sillimanite-graphite 
granulite at Koduru, Garividi, Devada, Duvvam, Sadanandapuram and a deposit of about 2 
km long east of Chinnaravyam; with garnetiferous quartzite (Garbham) and at contact of 
quartzite and gamet-sillimanite-graphite gneiss (Avagudem, Gadabavalasa, 
Ramabhadrapuram) (Roy, 1981; Siddiquie, 2004). The manganese ores occur in a somewhat 
linear belt in the district Vizianagram, (A.P.) and occur in varied forms with complex 
structural dispositions. The present study area consists of a dominant rocks Group 
khondalites, senso stricto-pelitic rocks hosting the manganese deposits (Roy, 1960, 1981; 
Sivaprakash, 1980; Dasgupta et a/, 1993; Siddiquie and Raza, 2008; Siddiquie and Bhat 
2008). The manganese ores are largely associated with the calc-granulites along Koduru, 
Kondapalam and Sadanandapuram (Siddiquie, 2000). The Garividi manganese ore bodies 
have two associated small pockets of crj'stalline algal limestone and pockets and lenses of 
green and red shale (Siddiquie, 2000). The East Garbham quarries are mostly associated 
with feldspathic and garnetiferous quartzite while as the quarries at central Garbham 
displays weathered Calc-granulites (Siddiquie, 2000). Siddiquie (2004) reported three main 
ore horizons in the entire stratigraphic column of the district. The main ore body occurs as a 
lode and is bifurcated, but it is lenticular at places and occasionally as intercalations with 
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calc-granulites while as the main ore horizons alternate with the host rocks as distinct bands 
(Siddiquie, 2000). Manganese mineralization has been structurally presumed as having as 
synclinal base at Koduru and Garbham with thick sequence and the limbs were severely 
faulted, disposing the manganese formation m the adjoining areas of Orissa and Northern A. 
P. (Kasipathi, 2008). These manganese deposits are mined at an extensive scale from last 
decade due to high demand of medium grade manganese ores throughout world. A number 
of private, semi-government and government mining companies are actively operating in the 
district. The mining is done by open cast methods with the latest mechanical equipments 
and machinery. Siddiquie and Bhat (2008, 2010), on the basis of association of the 
manganese ores with the host rocks (Table 5) from Chipurupallc and Garbham blocks of 
Vizianagram and their field observations, mineralogical and geochemical characteristics 
classified the ores into metamorphic and secondry ore. On the basis of field studies of the 
manganese ore deposits, structural and host rock relationship in coordination with the 
mineralogy the present author has studied and classified the Vizianagram manganese ores 
into the three categories as; 
(i) Stratiform/Primary/Metamorphosed/Syngenetic/Meta-sedimentary Ores 
(ii) Secondry/Supergene/Remobilized Ores and 
(iii) A miscellaneous or Reworked Ores. 
3.2.1 Stratiform/Primary/Metamorphosed/Syngenetic/Meta-sedimentary Ores 
The tabular manganese ore bodies which follow the general banding/lamination 
of the khondalites sequence represent this category of the ores deposits. They have 
developed in situ and occur conformably with the calc-granulites and quartzite of the 
khondalite Group (Figures 3.4a-f). These ore horizons are co-folded as open and tight folds 
and are also faulted at places with the host rocks. These manganese ore horizons have also 
been encountered in the drill core in operating mines. They primarily found at the contact of 
calc-granulites and quartzites or as concordant ore bodies with other khondalite members in 
Vizianagram. Compositions of primary oxides indicate temperatures of peak metamorphism 
of at least 700" C, Whereas minimum pressure of metamorphism was 6 kb and oxygen 
fugacity range broadly from 10 (super -2) to 10 (super -12) atm. (Sivaprakash, 1980). The 
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ore samples of these horizons are laminated, or banded and with gneissic banding (Figure 
3.3a-b). These ore horizons are low grade and represent the typical metamorphosed ore 
mainly consisting of braunite, bixbyite, hausmannite, jacobsite and vredenburgite. These 
low grade ore samples represent the meta-sedimentary manganese ores of district 
Vizianagram, (A.P.) which have been under the influence of supergene alteration in the 
weathering zone. 
3.2.2. Secondry/Supergene ore bodies 
These types of deposits are found in cross cut (discordant ore bodies) relation with 
the host rocks and occupy the weak planes like fault planes and fractures. Concordant ones 
are also found along unconformities and across local lenses and pockets in the form of 
veinlets. These horizons are mostly characterized by the manganese ores of botiyoidal 
nature with spherical and stalactitic forms and were also found as cavity fillings. The 
supergene ore comprises of powdery crusts, botryoidal ore pockets and veinlets of sooty 
black Mn-oxides and hydroxides replacing the upper levels of the syngenetic manganese 
belt in the terrain almost completely. It is mostly the concentrated and localized supergene 
Mn-oxides and Mn-hydroxides that are under the mining operations at present. These are 
dominantly consisting of psilomelane, cryptomelane and pyrolusite, hollandite as the 
manganese rich minerals. There are clear evidences of leaching in the study area (Figure 
3..?f) which is an important part in the mechanism for the fonnation of the secondry ore. 
3.2.3, Miscellaneous/Reworked Ores 
These are found as large buried boulders, pockets and concretionary masses (Figure 
3.1a and 3.2b) at shallow depths. These ores are mostly found as lateritized and have mixed 
mineralogy of Fe, Mn, Al minerals. Reworked ores are mostly the remnants of the mined 
out ores. All the reworked ores have dominant mineralogy of wad, lithiophorite and some 
pyrolusite. 
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3.3. Manganese ore mineralization of the study area 
Manganese ore deposits have been found to be much complicated in terms of 
stmctural disposition with a general strike of NE-SW. On the basis of their areal 
extent'spread, the area has been divided into seven blocks for the convenience of field 
observations and sampling. The six blocks of concentrated manganese mineralization hosted 
by various rock types shown in table 6 and discussed as; 
3.3.1. Garividi block 
This block of the study area is the central part of the mineralized zone in district 
Vizianagi-am, (A.P). The block consists of Garividi, Koduru, Sivaram and Lakshmipuram 
mmes and quames. The Garividi group of mines exposes most important ore horizon (Ore 
Horizon III of Siddiquie, 2004) hosted by coarse grained feldspathic quartzites of the 
khondalite meta-sedimentaiy sequence with some cahmockites as adjacent outcrops. The 
ores mineralization is as deep as 100 m below the ground level, becomes lean with depth 
and disappears with the appearance of basement Garnet-Sillimannite-Gneiss. The ores are in 
the form of hard lumps and botryoidal. Rare specimens of psilomelane were found in this 
block during the field work. The quarries and mines of this block represent the potential 
economic ore deposit of the district with almost entirely medium grade manganese content. 
The important rock types exposed in the area include clac-silicate granulites, lithomarge and 
weathered garnet sillimanite gneiss (Siddiquie, 2000). Pegmatite veins are abundant causing 
the feldspathization of the granulites in the area. The manganese ores especially psilomelane 
in the area mostly are hard lumps and botryoidal in nature (Figure 3.3d), however specimens 
of wad are also found in this block. The mineralized zone is spread for about 1.5 km's in 
this block. The economically important ore horizons in the area are mostly concordant to the 
local stratigraphy especially associated with quartzitc and calc-granulite. The primary ores 
are maninly the banded braunite (Figure 3.3f) with supergene pyrolusite in h. 
3.3.2 Garbham Block 
This block consists of some oldest mines of India in and around the Garbham and 
Kotakara villages of Vizianagram, district. The main mines and quarries include Pallapgudi, 
Central Garbham and Kotakara mines. The block is situated around 20 kms NW of Garividi 
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town with similar geological environment. The ore zone in this block has an aerial extent of 
about 3 kin^, consisting of primary/metamorphosed ores hosted by quartzites and calc-
granulites as discordant and concordant ore bodies respectively enveloped by garnet biotite 
gneiss as a major litho unit. The drill core from the operating mining agencies of this block 
reveals deep mineralization of the manganese . The ore zone is trending E-W having strike 
of N68°E-S68"W and dip amount of 70"-80". The average thickness of the ore horizon is 
about 4 feet however at the end tapers as thin as a few inches in NE of Garbham. Ore 
stratum is mostly concentrated in the hinge of the fold. The main ores are that of mamilated 
pyrolusite (Figure 3.3a-b) and psilomelane. The banded manganese within quartzite (Figure 
3.4b-c) along Kotakara and Pallapgudi area is very common. However braunite is less 
abundant in these mines. The main rock out crops includes quartzite and calc-silicate-
granulite. The details of the mines and quarries of this block are given in table 6. 
3.3.3 Chipurupalle block 
This block consists of the main mines in Chipurupalle and the surrounding areas of 
Mangotope, Razam and Aithemvalasa. The mineralized zone in this area is lined by calc-
silicate granulites enclaved within feldspathic-quailzite and gametiferous biotite. The ore 
zone in this block is of stratifonn category and is economically less important with low 
manganese content as observed in geochemical analysis. Deeper parts of the mines show 
calc-silicate rocks hosting manganese silicates representing the primary metamorphic ore 
minerals (braunite, rhodonite, spessartite, vredenburgite and jacobsite). The important 
specimens collected from these mines arc that of pyrolusite with dark steel grey color, 
hardness of 2-3, with some specimens of braunite and pyrolusite showing steel grey color 
and secondry or supergene enrichment (Figure 3.3c). The weathered pyrolusite (Figure 3.4d) 
from mangotope mines is an indicator of weathering and supergene alteration in the area. 
3.3.4 Salur block 
This block of the study area consists of Digva, Medangi, Sarika and Pechipenta 
manganese mines and quarries. The main ore zone is about one foot thick with an aerial 
extend of about 3 km's radius. The ore is of very soft and powdeiy nature which may be 
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attributed to the higher level of water table in the area enhancing the supergene enrichment 
the main ore horizon is about one and half feet thick and is hosted by quartzite. The host 
rocks are exposed of calc-granulites and garnetiferous quartzites. The inain ores found in 
these mines are pyrolusite, wad and other Mn-silicates. The important ore specimens of this 
block include botryoidal psilomelane (Figure 3.3d) and ferruginous manganese ore (Figure 
3.3e). The ore is hosted by feldspathic quartzite and lithomarge at places and is 
characterized by the friable ores of manganese . Biscuit ores are very common with visible 
garnet content and represent the garnet granulites of the area. While wad from this block are 
very much fibrous and friable with box work and honeycomb form, dull black in color and 
very soft and spoils the fingers. The ores has a mixed nature and is economically a low 
grade ore (Table 6). The ore horizons in deeper strata have a parallelism with the rock types 
and are categorized under the in situ ore bodies or the primary ores. The ore horizons have a 
sharp contact with calc-granulite in this area. This block witness deep chemical alteration of 
the low grade banded manganese silicate carbonate ore. 
3.3.5 Bangaruvalasa block 
This block comprises of the Avagudem, Raj am and Aithemvalasa villages 
having an aerial extent of approximately 2 kms, The main ore body of 2m thick is 
concordant with the entire sequence of laminated quartzite and manganese as foot walls 
and hanging walls of the prominent fault with some thicker lenses of secondry ores in 
between them. This block comprises of a stretch of a few quarries with manual mining of 
the ore. This block exposes deeply weathered calc-ganulite overlain by lithomarge, former 
hosting the secondry ores of cryptomelane and pyrolusite entirely. The outcrops of 
migmatites and gneisses are seen in and around the manganese bearing strata. The bedded 
ore bodies and the enclosing rocks have been weathered to a considerable depth in many 
places, producing supergene pyrolusite and cryptomelane. Most of the lower oxides of 
manganese show granoblastic fabric hence important from palaeotectonics and genesis 
point of view. The supergene enrichment of the manganese ores to varied depths in 
Vizianagram led to the evolution of secondry ores of high manganese content and 
attracted the attention of exploration geologists and industrialists. The primary manganese 
ores in the studied terrain are low grade, where as the secondry ores are mostly oxides and 
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they are medium to almost high grade. The loose and soft wad from Aithemvalasa quarry 
(Figure 3.4f) suggests the intense weathering and alteration of the primary manganese ores 
in the area. The supergene ore is raosdy kaoliniscd throughout the studied terrain. The 
manganese ore mineralization in the present district is summarized in Table 6. 
3.3.6. Sadanandapuram Block 
These block comprises of Devada, Duvvam and Avagudem mines and represents the 
potential economic ore deposit of the district with almost entirely medium grade manganese 
content. The important rock types exposed in the area include crytsalline algal lime stone, 
lithomarge and weathered garnet Gneiss (Siddiquie, 2000). Pegmatite veins are abundant 
causing the feldspathization of granulites in this block. The economically important ore 
horizons in the area are mostly concordant to the local stratigraphy especially associated 
with quartzite and calc-granulite. The manganese in this area are mostly psilomelane which 
arc hard lumpy and botryoidal in nature as that of the salur block, however specimens of 
wad are also found in this block. The Mn-silicate-carbonate ore from Duvvam, 
Sadanandapuram block seen in figure 3.4a indicate the primary ores in the area. The overall 
mineralized zone is spread for about 1.5 km's in this block with dominance of the supergene 
ores. 
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Table 5 Geology of the manganese Ore deposits and their host rocks of the study area 
(Siddiqiiie, 2004). 
QUARTZITE ASSOCIATION C\LC-GEANULrrE ASSOQATIOM 
1. Sa-ata bound, co-fclded wiiii well i. Sa-ata boutsd, co-i>lded with diffused 
defined comacti. cctiiacts. 
2. Hard and tumi^- in gsneral 2.2vfcsily pov^^sr^ 'mitli cKxaaanai kmff « t . 
3 Generally of low gradr, 1S-2S 3. Higher in Xln content GstKially30-32 
percenc. Percent '^fn vi^ th pockets of hie h sra<k 
maisrial 
4 C«asis.ts of man|anese silicate and 4. Consia.5ofmosdyp5.Tohjstt8,|s2«K^Iaijej 
gariBi wifcb small feacd of stssl gray taTmitsandjacofeatemtlismal aaK»B»M®f 
and ine-gmned material. garnet and inaifase^ siicatp. 
5. The width and tliictzness of ore zone 5. Ths wdth and thktaiess of ore ame is 
ii setierallvanaller, sreater. 
•6. There are 3 fevv pockets of garnet 
gmnulite, Hthomargs,. chert and 
timonite. 
!n-dmafely »sDCs,ted mth Pockets aad 
bands of Hthotnargs^  di«rt and Smcaiite. 
Coarse quattzsfeldspate rock is invariably 
preient at tte ibot-^ a^H ade and betwj-een the 
UiKieri^ ing rock and maisanese ore. 
3.4 Mineralogy of manganese ores 
Mn has many oxidation states ranging from +2 to +7 but in nature only +2, 
+3 and +4 states are found. Mn resembles Fe in most of its chemical properties, both 
having a +2 and +3 vacancies with high spin states for the 3d electrons and with similar 
ionic radii, hence substitute for each other in small amounts. Manganese has higher 
valance state of +4 as well which gives rise to a plethora of complex Mn-oxide minerals 
that do not have Iron counterparts. Higher oxides have manganese in its Mn"^  states. Mn 
existing in the oxidation states of +3 and +4, it is called as higher oxide and is called as 
lower oxide if the Mn is in +2 state. Examples of higher oxides are pyrolusite, ramsdellite, 
psilomelane, cryptomelane and vernadite. Among the higher oxides pyrolusite and 
ramsdellite are the pure oxides. 
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Table 6 Distribution and geological details of manganese ore deposits in different 
blocks of the study area. 
S. No Block/ (Toposheet Location Quarry/ Mine Rock type Ore /Minerals 
No.) 
1 Garividi block 18"l5'-83"32' Garividi, Koduru, Feldspathic- Psilomelane, Wad 
(65 N/11) Sivaramand Quartzite, 
Lakshmipuram Lithomarge. 
2 Garbham block (65 ]8°18'-83°27' Kotakara, Pallapgudi Quartzites, Braunite, Bixyite 
N/7) Central Garbham, Calc-Granulites. Rhodonite, 
Pyrolusite Psilomelane 
3 Chipurupalle block 18^22'- 83"34' Mangotope, Feldspathic- Pyrolusite, 
(65 N/11) Razam, Ailhemvalasa Quartzite, Gale- Spessartite 
Silicates Rhodonite 
4 Salurblock/ 18^31'- 83''30' Diguva, Medangi Gametiferous Pyrolusite, Wad, Mn-
(65 N/2) Sarika, Kondalingala- quartzites silicates 
valasa, Pechipenta 
5 Bangaruvalasa 18''34'- 83''28' BobiUi-Mentada, Quatzites and Quartzite/Psilomelane, 
block Ramabhadrapuram, Calc-granulites Wad 
gopalapurani 
6 Sadanandapuram 18''l2'-83''3r Koduru, Devada, Weathered Psilomelane, Spessartite 
block 18'^12'-83°31' Duvvam, Avagudem Gametiferous Rhodonite 
(65 N/11) 18"l3'-83"32' Gneiss, Wad, Hausmannite 
Pegmatite. 
. -pH^ <y^::\ 
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The lower oxides of manganese include its oxides as bixbyite, braunite, Jacobsite, 
rhodonite, hydroxides like groutite (aMnOOH), feitknechtite ()3MnOOH) and manganite. 
Other manganese minerals include Mn Sulphides like Albandite (Mn*' less common and 
restricted to reducing environment). Carbonates like Rhodochrosite (MnCOs), similar to 
calcite structure and have subsolidus relation with CaCOj where 80% of MnC03 can be 
present. Substitution of Mn to dolomite forms kutnahorite [CaMn(C03)2]. The diverse 
manganese minerals discovered so far can be grouped into Oxides, Hydroxides, Silicates, 
Carbonates and Phosphates on the basis of the chemistry of manganese minerals. Oxides are 
further grouped as higher and lower oxides. The mineralogy of the manganese ore depends 
on the redox potential which is responsible for the concentration of certain minor elements 
(Barnes, 1967; Calvert and Price, 1970; Scott et al (2002; Summerhayes, 1967; Piper and 
Williamson, 1977; Calvert and Price, 1977a). The relative enrichment of minor elements in 
hydrated Mn-oxides or Fe-oxyhydroxides is crystallochemically controlled by the oxidation 
state and stabilization energy of each cation. The predominantly primary ore is compact, 
microgranular and fine grained material with an inhomogenous composition and structure. 
The oxide-carbonate-silicate ore has the most diverse mineral composition having varied 
mineral assemblages as shown in Table 7. The syngenetic/primary ores of Mn-oxide-
silicate-carbonate ore is mainly represented by quartz, hausmannite, rhodonite, braunite, 
rhodochrosite, where as the supergene/secondry/rcmobilized ores are mostly represented by 
the main phases of pyrolusite, psilomelane, wad, lithiophorite, magnetite, maghemite, 
bixbyite, braunite, hausmannite, huebnerite, jacobsite and pyrolusite. Most of them occur 
predominantly in hydrothermal deposits, whereas chalcophanite, coronadite, delta-MnO:, 
groutite, hoUandite, lithiophorite, manganite, nsutite, quenselite, ramsdellite, romanechite, 
todorokite and woodruffite are generally of supergene origin (Nicholson, 1992). The 
important minerals of the ores deposits hosted by Archaean paragneisses include pyrolusite, 
psilomelane, hollandite and cryptomelane, representing alteration products of primary 
braunite, bixbyite, jacobsite, hausmannite and Vredenburgite (Krishna Rao, 1963). The ores 
textures and mineral associations support the conclusion that the primary ores were formed 
by high-grade metamorphism of manganiferous sediments (Rao, 1963) and with the 
restoration of nonnal atmospheric conditions, primary oxides and silicates altered to 
secondry oxides by supergene processes (Sivaprakash, 1980). The associated secondry ores 
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(psilomelane, cryptomelane, lithiophorite, ramsdellite etc.) owe their origin to subsequent 
alteration of the primary ores followed by secondry enrichment. Rhodochrosite in Koduru 
and Garbham areas of Vizianagram occurs as primary carbonate (Sivaprakash, 1980). After 
the peak metaraorphism, with cooling, exsolution of hausmannite (second generation) from 
vredenburgite occurred (Sivaprakash, 1980) while as jacobsite was partly martitized to 
haematite (Sivaprakash, 1980). Changes in oxygen fugacities in different areas produced 
local variations in mineralogy and mineral compositions, mainly in jacobsites and garnets 
(Sivaprakash, 1980). The mineralogy of the phases in which manganese is the major or 
significant component had not been precisely worked out for a long time and even today 
many problems are unsolved (Roy, 1981). A wide range of manganese minerals of different 
groups have been reported fiom Vizianagram manganese ores by previous workers (Rao, 
1960, 1963, 1975; Roy, 1998; Siddiquie and Bhat, 2008, 2010; Dasgupta; 1965 and 
Dasgupta et al 1993) which belong to different groups as pure oxides, higher oxides, lower 
oxides, hydroxides carbonate and silicate manganese minerals. Large numbers of 
manganese minerals have been discovered with the sophisticated methods and techniques 
till date but many others still wait for confirmation. The various groups of the manganese 
minerals and their properties reported from Vizianagram, by various workers from time to 
time are shown in Table 7. Among all these mineral groups the oxides like pyrolusite, 
psilomelane and cryptomelane are the dominant minerals in Vizianagram manganese ores 
followed by silicates, carbonates and hydroxides. 
The primary ore minerals (bixbyite, braunite, hausmannite, hollandite etc.) are 
considered to be syngenetic and regionally metamorphosed (Straczek and Krishnaswamy, 
1956) and represent primary metamorphosed assemblage in the study area. These ore 
deposits are found both in continuous and discontinuous bands with variable thickness; 
width and lengths mostly hosted by calc-granulites and quartzites. The mineralogy of the 
manganese ore bodies of the Koduru Group metamorphosed to granulite facies include 
braunite, hollandite, jacobsite, hausmannite, vredenburgite and supergene pyrolusite, 
cryptomelane and minor Nsutite (Roy 1960). Rao (1963, 1975) reported the same 
assemblage and reported two new minerals as minor franklinite and bixbyite from Koduru 
and Garividi mines respectively. In Vizianagram, bixbyite, braunite, hausmannite. 
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hollandite, jacobsite and vredenburgite formed during peak metamorphism by 
transformation from syngenetic oxides which existed in the original sediment (Sivaprakash, 
1980). Local impersistent beds of Mn-silicate rocks (Spessartite-rhodonite-apatite-quartz) 
occur within the ores bodies (Roy, 1981). Rhodonite, pyroxmangite, tephroite, 
manganophyllite, spessartite and spandite are primary silicates and apatite, barytes, K-Ba 
feldspar, goethite and quartz are primary gangue minerals (Sivaprakash, 1980). Rhodonite 
resulted by polymorphic inversion from pyroxmangite (Sivaprakash, 1980). The Mn-rich 
psilomelane and pyrolusite ores are commonly formed in hypergene zone tinder the 
influence of meteoric waters (Kuleshov, 2003). The manganese minerals reported from the 
study area are as; 
3.5 Manganese oxides (Pure Oxides) 
3.5.1 Pyrolusite 
Pyrolusite was named by Haidinger (1831) for the mineral of Mn02 composition. 
Ramsdellite is y-MnOa (synthetic) but Dubois (1936) refeued it as pyrolusite as a-MnOa. 
PoUianite has been used as a synonym for pyrolusite in the literature (Ramdohr, 1956, 
1969), however in the present work the name pyrolusite is used to avoid any confusion. 
Burns and Bums (1978) pointed out the resemblance of single chain of linked (MnOf,) 
octahedral in pyrolusite to the Si04 chains of pyroxenes and considered the pyrolusite as a 
basis of crystal structures of Mn'*^  oxides. Pyrolusite is thermodynamically the most stable 
phase among the minerals approaching MnOa composition and is almost free of other 
cations. On heating pyrolusite it transforms to bixbyite (Mn203) at 650^c (Dressel and 
Kenworthy, 1961; at 680 C, Hariya, 1961) and to Mn304 at 1000° C (Dressel and 
Kenworthy, 1961; Hariya, T961). The fine pores and shrinkage cracks in pyrolusite 
encourage the adsorption of (0H)2 (1-2%) and other elements as impurities (Frenzel, 1980). 
Being tetragonal in symmetry, pyrolusite may occur as pseudomoiph after orthorhombic and 
groutite. Well developed pure and impure specimens of pyrolusite (Figures 3.3-3.4) from 
Vizianagram, were mostly found in Garbham block of the study area. 
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3.5.2 Ramsdellite 
An Orthorhombic modification of MnO^ lias a diaspora goethite structure (Bystrom, 
1949) and consists of alternating double chains of linked (MnOo) octahedral similar to that 
in the amphibole stmcture (Burns and Burns 1977). Ramsdellite is metastable and rather 
rare in nature and it easily changes to pyrolusite by exothermic reaction at 500*^  C (Hariya, 
1961). Ramsdellite is reported for the first time in the present work in the manganese ores 
from weathering zone of the study area 
3.5.3 The Nsutite group 
Glemser (1939) studied a new synthetic modification of MnO: and named it 
as a-Mn02. The natural occurrence of a-Mn02 was first of all reported by Schossberger 
(1940) from West Africa and the name nsutite was given by Zwicker et al (1962) after the 
Nsuta deposit of Ghana. This phase of manganese mineral was related to Pyrolusite by 
McMurdie (1944) while it was considered as poorly crystallized ramsdellite by Cole et al 
(1947) and was described as an intergrowth of pyrolusite and ramsdellite by De Wolff 
(1959). Nsutites in general are pre-dominant in oxidized ores derived from Mn-Carbonate 
proto ore. Minor amounts of Nsutite have been reported by Roy (1960) from Koduru mines 
of district Vizianagram, (A.P.). 
3.5.4 Ai.Mn80i6. (0H)2 Group 
The minerals representing the general formulae Al.Mn80i6.(OH)2. (A= Ba, K, Na, 
Pb, Mn as Mn^", Mn'": (0H)2) may be non essential are hoUandite (Ba-analogue), 
cryptomelane (K-analogue) manjiorite (Na-analogue) and coronadite (Pb-analogue) form an 
structural series (Frondel and Heinrich, 1942; Fleishcer and Richmond, 1943; Fleishcer, 
1964; Bums and Bums, 1977). The structures of these minerals and that of the synthetic like 
alpha Mn02 have been shown to be based on that of ramsdellite type (Burns and Bums, 
1977). Edge shearing of MnOo along the C-axis also shares corners with contiguous double 
chains. Producing a three dimensional pseudotetragonal framework. In this process a large 
cavity can accommodate (0H)2and cations like Ba^", Pb^\ K and Na which are significantly 
disordered. Butler and Thirsk (1952) showed that substantial amounts of (OH)? and large 
cations are necessary to prevent the collapse of the crystal structure of manganese oxides. 
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The accommodation of large exchangeable cations like Ba^ ,^ Pb'", Na and K necessitates 
the presence of Mn^" or Mn''* ions in addition to Mn"'^  in the linked MnOe tetrahedral to 
maintain the charge balance. 
3.5.5 Hollandite 
Hollandite is the Ba-analogue of the isostructural series was first described by 
Fermor (1906, 1908, 1909 and 1917) from Kajlidongri deposit, M. P. India and has been 
confirmed as a valid species by (Frondel and Heinrich, 1942). The general foiTnulae of the 
Mn-hydroxide [ (Ba, K) j-MnsOie. x (0H)2 ] as quoted in Table 7 for hollandite may be used 
in the text hereafter in order to avoid the confusion by various formula given by various 
workers from time to time. Hollandite shows a higher ratio of Mn"*^  /Mn^^ than that of 
psilomelane, the other Ba rich higher oxide of Mn. Hollandite is a widely reported ore from 
manganese deposits of variable types throughout world and the present manganese ores of 
Vizianagram (Rao, 1963, 75; Siddiquie and Bhat, 2008). Hollandite also forms in low 
temperature conditions in the colloform ores (Nambu and Tanida, 1966). Hollandite is 
formed from psilomelane at 550"c (Fleishcer and Richmond 1943) and for this reason, 
hollandite is prevalent in metamorphosed manganese deposits (Roy, 1966, 1968, 1972, 
1976b). Hollandite itself transfonns to Hausmannite at 1000°c (Fleishcer, 1964). The 
stability of hollandite at high temperature has been attributed to the presence of Ba^ ^ ions in 
the structure (Bums and Bums, 1977). 
3.5.6 Cryptomelane 
It is a K-anaiogue of hollandite discovered by Ramsdell (1932). The chemical 
formulae is K (Mn'''^ Mn''")8 (0, 0H)6 and is specified by the presence of not only Mn''^  but 
also Mn^ "^  and K in its stmcture. Cryptomelane shows a considerable content of potassium, 
as 6.6% being the highest and 0.09% (Roy, 1981). Hewett and Olivares (1968) showed the 
atomic sum of Na + K + Ba + Sr + Ca varies from 0.08 to 1.28 with most of the values near 
to 1. The Mn''7Mn^' ratio in cryptomelane is higher than that in psilomelane and hence the 
dominance of cryptomelane over psilomelane in supergene deposits. Cryptomelane is 
important in supergene environment along with p Mn02; somefimes people ascribe its 
formation from ground water. Although these minerals are structural polymorphs they are 
60 
not exactly of the same structure. Some of the manganese also occurs in cryptomelane in the 
form of Mn" t^o maintain the charge balance necessitated by the inclusion of potassium in 
the structure. On heating cryptomelane finally changes to hausmannite often through the 
Mn203 phase. The lattice is composed of bands consisting of chains connected by octahedral 
edges. The bands are connected to form interconnected staictural miinels accommodating 
minor and trace elements. The mixed valance oxides including cryptomelane are more 
stable in neutral and alkaline environments than in acidic environments. 
3.5.7 Psilomelane 
Psilomelane (with 16.6% BaO) was first named by Haidingcr (1831) and since then 
this mineral has been amongst the most described Mn-Oxides. It is casually used in a loose 
sense for any unidentified hard and compact Mn-Oxide, particularly those with a botryoidal 
structure (Figure 3.3d). A synonym romanechite for psilomelane is also used in literature by 
some authors but not hereafter to avoid any confusion in the name psilomelane as proposed 
by Haidinger (1831) and Fleishcer (1960) for the hydrated Ba-Mn-oxide. Psilomelane (Ba 
analogue; Monoclinic/Orthorhombic, 16.6% Ba can be accommodated) breaks down to 
HoUandite at 550"c). 
3.5.8 Lithiophorite 
It is primarily a hydrous Al-Mn-oxide (Valarelli et al (1968) first of all named by 
Frenzel (1980) and was confimied as a valid species by Ramsdell (1932). Wadsley (1952a) 
suggested that the mineral [ (Al, Li) C)H)2 Mn02 ] has a layer structure with alternate sheets 
of [MnOfe] octahedral and (Al, Li (0H)(, stacked along the C-axis. To maintain charge 
balance, substitution of Mn * and Mn ^are necessary to maintain the charge balance in the 
[Mn06] layers is necessai7. The chemical formulae of lithiophorite is LiAl2(Mn''" ,^ Mn *)06 
(0H)6. In mixed layered lithiophorite, the octahedral layers of various cation compositions 
are codimensional on plane 001 and have a uniform lattice (Roy, 1981). Trace elements 
such as Ni, Cu, Co and Zn are concentrated significantly and have been ascribed to 
accommodation in the gibbsite like sheet of lithiophorite and substitute for Li and Al, while 
as Co is incorporated in the edge sharing octahedral of buserite Hke structure (Marceau et al 
(1987, 1990). 
3.6 Manganese Hydroxides 
Mn hydroxides Include a-MnOOH (Groutite), p-MnOOH (Feitnechtite) and 
y-MnOOH (Manganite) minerals occurring in nature as three modifications. Gruner (1947) 
first described groutite as a new mineral with diaspore-goethite structure. It gets oxidized 
very slowly to isostructurai ramsdellite at 130° C in air and above 300" C transforms 
topotactically to pyrolusite (Klingsberg and Roy 1969). Manganite (y-MnOOH) was first of 
all described by Haidinger (1831). Buerger (1936) determined a monoclinic symmetty 
(distorted rutile structure) for the mineral. Kiishnan and Bancrjee (1939a) concluded the 
manganese occurs as Mn "^ and Mn''^  in manganite. Dasgupta (1965) reported oriented 
transformation of manganite, on heating to pyrolusite at 375"C and subsequently to Mn20) 
and Mn304 at 565''C and 950"c respectively. In general manganite is common in low 
temperature sedimentary and supergene deposits worldwide. 
3.7 Lower oxides 
This group of manganese ore minerals includes braunite and bixbyite and has been 
reported from the Vizianagram manganese deposits (Siddiquic, 2004, Siddiquie and Bhat 
2008). The two minerals are discussed in detail as below; 
3.7.1 Braunite 
It was first of all named by Haidinger (1831). Most workers agree that the mineral 
has general chemical formulae 3Mn302. MnSiOj corresponding to approximately 10wt% 
Si02 in its strucmre with the exception of a braunite from Black rock mine, Kalahari, S. 
Africa which contains only 4.4.wt% Si02 (De villers, 1975) and the composition agrees with 
the formulae (Ca. Mn) Mn 1481024. The fornier and the widely found variety have been 
named as Braunite I, while as the later is poor variety as Braunite II. Roy (1981) showed the 
2"^ * highest percentage of manganese in Indian braunite (MnO=37.98%, Mn02 =40.93%) by 
Fermor (1909) after that of Langban Sweden bixbyite reported by Mason (1942). Fe may 
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also be an important but variable substituting element in the braunite structure and so the 
formula of braunite is also written as 3 (Mn''\ ¥ei^)2Q{ Mn^'SiOj (Hewett and Fleishcer, 
1960; Abraham and Schreyer, 1975). Primary braunite is sedimentaiy in origin although it 
has metamorphic, hydrothermal and rarely a diagenctic origin. The primary sedimentary 
braunite occur as accretionary eoliths/pisoliths precipitated as primary sediment within the 
basins during sedimentation while as the secondry braunite fonned by the recrystallization 
and replacement of the primary braunite by the diagenetic process of the manganese ores as 
revealed by the mineralogical character and chemical composition of the important phases 
as well as their textures. Natural braunite is related to a-Mn203 (cubic structure; Pauling 
and Shappel, 1930) and revised as oithorhombic by Geller (1971). Maun (1969) emphasized 
an extremely strong stabilizing effect of silica on Mn * in Braunite structure. The distortion 
oftheMn^^Of, groups as a result of Jahn Teller effect may be instrumental for the stability 
of braunite and bixbyite type structures (Moore and Araki, 1976). The stability of braunite 
and bixbyite type structures in manganese deposits affected by the progressive dynamo 
thermal metamorphism is also well domestrated (Roy, 1964c, 1964d, 1966, 1972, 1973). 
Braunite is common mineral in metamoiphoscd sedimentary manganese oxide ores 
including the present deposits of Vizianagram. Well developed primary ores with abundant 
braunite, pyrolusite and psilomelane as massive .specimens are found in Vizianagram 
manganese mines (Figure 3.3 and 3.4). Supergenc formation of braunite in the manganese 
ore deposits is also reported in literature (Hewett and Fleishcer, 1960, 1963). Braunite, once 
formed, remains stable through the entire metamorphic range. Huebner (1967) discussed the 
possibility of a reaction between braunite and silica to produce rhodonite while Orcel and 
Pavlovitch (1931) showed that Braunite (8.92% SiO:) on heating to 1400"c for 5 h, 
converted to tephroite and or eutectic intergrowth of tephroite and hausmannite. In natural 
deposits however, braunite does not transform to or react with other phases rather it is 
formed as a conversion product of bixbyite (braunite II) in Indian Ore deposits (Roy, 1962, 
1966, 1968, 1972, 1973). 
3.7.2 Bixbyite 
It was first named and described by Penfield and Foot (1897) from Thomas Range, 
Uttah, U.S.A. having Mn/Fe ratio as 1. Mason (1946) reported high Fe203 (48.84 to 56.66) 
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fumarolic bixbyites from Argentina. Fermor (1909) discovered sitaparite as a new phase 
containing lower Fe203 (27.60%) and high Ca content (6.145) from regionally 
metamorphosed sedimentary Mn ores of India. Gruner (1943) showed that this mineral 
contains 17.25% Fe203. Orcel and Pavlovitch (1931) and Dunn (1936) described sitaparite 
from India. While Mason (1942) showed that the X-ray pattern of sitaparite and bixbyite are 
identical and therefore rejected the name sitaparite of Fermor (1909). De Villers (1983) 
recommended that the Mn-Fe sesquioxides should be classified into partridgeite (<10% 
Fe^Os), sitaparite (10-30 % Fe203) and bixbyite (>30% Fe^Os). Sitaparite has been assigned 
to 0-30%)Fe2O3 and bixbyhe to 30-60% Fe^Os by Mason (1944), while discussing the phase 
equilibria of the system Fe203-Mn203, reluctantly accepted that the phases sitaparite (0-30% 
Fe203) and bixbyite (>30% Fe203) may be retained for relatively lower metamorphic and 
higher fumarolic temperature products but the name partridgeite was rejected by him. All 
the three names of the system are still in use. However in the present work name bixbyite 
for the phase (Mn, Fe)203 will be used hereafter to avoid any confusion. Bixbyite has been 
reported from the present study area by many workers (Rao, 1969, 1975; Roy, 1981; 
Siddiquie and Bhat, 2008, 2010), There has been a long controversy on the structure and 
valance states manganese in bixbyite (Pauling and Shappel 1930) and the formula was 
broadly given as (Mn, Fe)203. Moore and Araki (1976) stated that the braunite and bixbyite 
are not isomorphous as the c-axis of the former is double as that of bixbyite. Depending 
upon the bulk composition (availability of Si, Fe etc.), temperature and oxygen fugacity, 
braunite and bixbyite may form together in metamorphosed manganese oxide ore body 
(Maun, 1959). Gutzmer and Beukes (2006) also described varied Ca content in bixbyite 
with braunite 11 as a part of metamorphosed manganese oxide mineral facies from 
Postmasburg, Republic of S. Africa. The local variations of the metamorphic mineral 
association of the braunite-bixbyite group reflect variations of the host rock composition 
instead of the changing P-T conditions of metamorphic alteration (Gutzmer and Beukes, 
2006). 
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3.8 The Fe304-Mn304 system 
The minerals belonging to this system include a solid solution series of 
magnetite, jacobsite, vredenburgite and hausmannitc. Mason (1943a) was the first to 
determine the phase relations in the system by synthetic experiments covering solid solution 
members as magnetite, jacobsite, vredenburgite (Tntergrowth between jacobsite and 
hausmannite) and hausmannite. The increase in the manganese content in the system is 
reflected in the solid solution as the increase in the cell dimensions of the cubic face from 
right to left in the series (magnetite-jacobsite-vredenburgite-hausmannite). The boundary 
between magnetite and hausmannite has been drawn arbitrarily at the mid-point of the 
Fe304-MnFe204 (manganese fcrritc) compositions i.e. 16.7% Mn304, that of jacobsite and 
Vredenburgite at 54%Mn304 and that of Vredenburgite and Hausmannite at 91% Mn304. 
Mason (1934b) calculated that for a homogenous metastable Vredenburgite, with 70-80% 
Mn304, a temperature above 700" C is required. But all the naturally occurring 
vredenburgites studied by him contain less than 70% Mn304 reflecting the temperature of 
500''-700''c suggesting their origin by regional metamorphism. 
3.8.1 Jacobsite 
Member of the spinel group usually designated by the formula MnFe204(Deer et al 
1963) was first reported from Jackobsberg, Sweden. Though, in nature its composifion 
varies widely in the system Fe304-Mn304. The compositional limit of Jacobsite was set by 
Mason (1943a) between 16.7% Mn304 (composition halfway between Fe304and MnFe204) 
and 54% Mn304, by Van and Keith (1958) between 10-54% Mn304, All these divisions are 
arbitrary as the temperature dependent entry of Mn304 in Fe304 is a continuous process 
without any structural change demarcating the magnetite jacobsite boundary. The formula of 
Van and Keith is widely accepted and will be considered in the present work. It has been 
demonstrated that with rising temperature more and more Mn304 can be accommodated in 
the Fe304 structure, expanding the unit cell dimension owing to the larger size of Mn "" 
(Montoro, 1938; Mason 1943b; Van and Keith, 1958). Jacobsite containing exsolved 
lamellae of hausmannite show variable cell dimensions and surprisingly most values are 
lower than those of synthetic or natural jacobsites of manganese ferrite (iy/oMnsO^, 
67%Fe304) composition. Jacobshe is strongly feiTomagnetic. Though, the jacobsite has 
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primarily been described from metamorphosed manganese deposits and much less so form 
hydrothermal deposits. It has also been reported from superficially formed low temperature 
deposits, showing coUoform texture at Dongri Buzurg, India (Roy 1959b, 1966), Tiaratiene, 
Morocco (Vinceinne, 1956). Variations in many optical properties and etch tests have been 
recorded by Roy (1959, 1966). 
3.8.2 Hausmannite 
The spinel structure for hausmannite has been confirmed by Ramdohr (1956). In 
general Haumannite contains 5% of Fe^ Oa and has Fe and Mn as two ends in its solid 
solution relation. Hausmannite forms under metamorphic conditions from Mn protoliths of 
different compositions. 6.85% of ZnO may be present in hausmannite. It occasionally 
replaces braunite and bixbyite or vice versa. In supergene environments it shows very 
common replacement along cleavages or irregular fissures of pyrolusite. Hausmannite has 
been reported from Vizianagram by many workers (Roy, 1981; Rao, 1963 and Siddiquie 
and Bhat (2008, 2010). 
3.8.3 Vredenburgite 
This mineral has been a long debate for its name, composition, structure since 
decades. The name vredenburgite was first given by Fermor (1909) with the chemical 
formulae 3Mn304.2Fc:03 to a strongly magnetic material, found in association with many 
other Mn minerals in Madhya Pradesh and Vizagapatnam (Presently Vizianagram, districts 
of India. Fennor (1909) as a new homogenous phase with the composition 3Mn304.2Fe304 
from metamorphosed manganese ore deposits of India. As cited by Fermor (1938) 
vredenburgite actually consists of two intergrown phases. Orcel and Pavlovitch (1931) also 
confirmed that in Vredenburgite one mineral (p-Constituent) Occurs as lamellae oriented in 
the crystallographic planes of another (a-constituent), which was confirmed by 
Schneiderhohn (1931) as the hausmannite lamellae exsolved in jacobsite. The mineral has 
been undoubtedly proved by many mineralogists, physicists and geologists as an 
intergrowth of two mineral species rather than an independent mineral species. 
Vredenburgite forms at high temperature from Fe-Mn rich bulk composition by exsolution 
of hausmannite in octahedral planes of jacobsite forming what is called as windmanstatten 
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texture. Fermor (1938), also suggested two new names as 'Devadite" and "Garividite" after 
Devada and Garividi villages of Vizianagram, for the homogenous phases of different 
compositions from which Vredcnbcgite could possibly be formed by exsolution but these 
names were justifiably rejected by Mason (1947) as superfluous. The field of Vredenburgite 
in the system Fe304-Mn304 has been demarcated in between 54-91%Mn304 by Mason 
(1947) and Van and Keith (1958). The homogenous phase of any composition within this 
field can occur only at the metastable state in ordinary pressure and temperature. Mason 
(1943b) described such a phase with a tetragonal structure from Langban deposit Sweden, 
which was probably formed by reduction of bixbyite during metamoi-phism at low 
temperature. Mason (1943b) named this phase a-Vredenburgite. The name Vredenburgite is 
used only for the windmanstatten exsolution intergrowth of jacobsite and hausmannite only. 
The mineral serves as a geological thermometer for metamorphic regime of around 600 c 
(Mason 1947). Roy (1958) has also come across the same Vredenburgites as that of Mason 
(1947) with jacobsite as host and hausmannite as intergrown lamellae. 
3.9 Manganese Pyroxenes, Amphiboles and Garnets 
These minerals are wide spread in the Mn-Silicate and carbonate rocks. Many of 
these occur in the manganese ore bodies themselves or in rocks closely associated with 
them. The various manganese pyroxenes and amphiboles of the present interest include 
diopside, rhodonite, spessartite, pyroxmangite, epidote and peidmontite. 
3.9.1 Diopside 
The diopside-salitc-ferrosalite-hcdenburgite (CaMgSi206-CaFe ^ Si206 solid 
solution) series shows some manganese content but according to Deer et al (1963), the 
average MnO content of diopsides is very low (0.095%) but is still higher as recorded from 
manganoan diopsides in manganese ore horizons (Roy, 1971). Also pyroxenes in the 
diopside-aegirine series which are of aegirine and aegirine-augite composition are often 
manganiferous. Manganiferous pyroxenoids like bustamite [(Mn, Ca, Fe) SiO}] are much 
more wide spread in manganese ore bodies and manganiferous rocks. Bustamite occurs in 
association with hedenburgite or rhodonite and has maximum content of MnSiO} of 67% 
implying that Ca occupies one of the three cation positions. Solid solution of bustamite with 
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rhodonite appears to be limited but with wollastonite a complete solid solution is possible 
(Roy 1981). 
3.9.2 Pyroxmangite and Rhodonite (Mn, Fe and Ca) SiOj 
Pyroxmangite and rhodonite belong to a group of manganese pyroxenoids having 
very similar diagnostic properties. Pyroxmangite is predominant in Vizianagram manganese 
deposits while as rhodonite is a minor mineral and co-occur in some samples with the 
pyroxmangite. These are ion-osilicates close in chemical composition and crystal structure. 
Rliodonite belongs to triclinic system showing five Si04 tetrahedra periodicity. Liebau et al 
(1959) suggested that not more than one fifth of the cations linking the [SiOs] chains can be 
calcmm. Natural rhodonite is never pure MnSiOj, some substitution of Ca and Fe^ is 
always there. Klein (1966) described rhodonite with very high magnesium (MgO 14%) with 
coiTespondingly low Mn (MnO 25.7 %) content. Glasser (1958) opined that pure MnSiOs 
end member has a rhodonite structure while Peters et al (1974) considered that only Ca^ ^ 
can stabilize rhodonite. Rhodonite is well distributed in Vizianagram manganese silicates 
but less common than spessartitc. It is comparatively less in lower metamorphic zones and 
gradually becomes common as the grade of metamorphism increases from staurolite to 
Sillimanite zone (Roy and Mitra, 1963). The possibility of these minerals fonning depends 
on the Ca content in the rock. For instance, in the South Urals, rhodonite crystallizes in 
rocks with no lower than 2.0-2.5 wt % CaO. The amount of this element in rhodonite varies 
from 0.5 up to 1 f cor, being recalculated to molar fractions XCa = Ca/ (Ca + Mn + Fe + 
Mg), from 0.1 to 2.0. In contrast, pyroxmangite crystallizes in rocks with low Ca content. 
The Ca content in pyroxmangite is twice as low (0.10-0.42 fc, or ACa = 0.01-0.6) as in 
rhodonite. The increase in Ca contribution to pyroxmangite is accompanied by an increasing 
total amount of iron and manganese . This is not typical of rhodonite. Rhodonite and 
pyroxmangite are often closely associated with each other. In such cases, the features noted 
above are especially evident with XCa < 0.06 in pyroxmangite and JfCa > 0.10 in rhodonite. 
Most likely, such compositions correspond to the stability limits of pyroxmangite and 
rhodonite. 
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3.9.3 Spessartite (MnjAhSisOu) 
The spessartite variety of garnet is common in metamorphosed manganese silicate 
rocks and hydrothermal deposits. Mn-Fe member of the garnet group has been reported 
from raanganiferous rocks associated with iron formation (Klein, 1966). Spessartite has 
been reported from Vizianagram, khondalites by some workers (Rao, 1963, Siddiquie and 
Bhat, 2008, 2010). Minerals of the amphibole group are often manganiferous and many vari 
et al, names are in use. Variable replacement of Mg and Fe'" by Mn (maximum 15.62%) has 
been mentioned by many authors. In tremolite-actinolite-fenoactinolite series, particularly 
in Mg rich members, replacement by Mn is restricted. However manganaoan, actionolite 
and manganoan tremolite with 7.38, 5.79% and 4.05-5.42 MnO have been reported from 
Kaso mine, Japan and Franklin U.S.A. respectively. A name tirodite has shown to 
correspond to manganoan tremolite-richterite composition (maximum MnO 13.43%; Roy 
1974a). Leake (1978) considered tirodite as a monoclinic amphibole with the standard 
formula Mn2Mg5Si8022 (0H)2and belong to cummingtonite series. 
3.9.4 The Epidote-Piemontitc Group 
This group is represented by minerals of its isomorphic scries. Usually these minerals 
are subordinate, but when the content of volcanomictic material in the rock is high, the 
amount of epidote and/or piemontite increases and both become major minerals. The 
minerals have been reported from the manganiferous rocks of Vizianagram, by many 
workers (Siddiquie and Bhat, 2008, 2010). An almost complete isomorphic series have been 
from oxide-carbonate-silicate (braunite) ores from many metamorphosed manganese 
deposits. Piemontite [Ca2 (Al, Fe, Mn)3 OHSi,Oi:] a manganiferous member of the epidote 
group is monoclinic commonly found in hydrothermal and metamorphosed sedimentary 
manganese deposits. 
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Table 7 General mineralogical grouping of the manganese ores of district Vizianagram, 
(A.P). 
Group 
Higher 
Mn-oxides 
Lower 
Mn-oxides 
Mn-
Hydroxldes 
Minerals 
Pyrolusite 
Ramsdellite 
Cryptomelane 
Psilomelane/ 
Romanechite 
Braunite 
Bixbyite 
Jacobsite 
Hausmarmite 
Manganite 
Hollandite 
Lithiophorite 
Crystal system 
Tetregonal/ 
Rutile 
Orthorhombic/ 
Diaspore 
Tetragonal 
Mnonoclinic 
Monoclinic 
Orthorhombic 
Cubic 
Cubic 
Spinel group 
Tetragonal 
(Deformed) 
Monoclinic 
??? 
???? 
Composition 
Mn02 
Mn02 
' KAl-MnsOi6.x(OH): 
Reference 
Haidinger(1831) 
Ramsdell (1942) 
, Ramsdell (1942) 
( (Ba, K, Mn, G Bums and Bums 
MnsOio (1977) 
3Mn203. MnSi03 
(Mn, Fe)203 
(MnFei) O4 
Mn304 
y-MnOOH 
Orcel and Pavlovitc 
(1931) 
Mason (1942) 
Fermor (1909) 
Deere/a/(1963) 
Bums and Bums 
(1977) 
Haidinger(1931) 
[ (Ba, K) 1.2 MnjOift. Fermor(1908,1909,1917 
(0H)2] 
[ (Al, Li) (0H)2 MnC Wadsley (1952) 
Mn-silicates/ 
Mn-pyroxenes, Rhodonite Triclinic 
amphiboles 
and garnets Spessartite 
Peimontite- Epidote Monoclinic 
Diopside 
Mn-
Carbonates Rhodoclirosite Trigonal 
MnSi03 
MnCO 
Roy(1981) 
Mn3Al2Si30i2 
[Caj (Al, Fe, Mn)3 Peters, 
0HSi,0,2] etaliim) 
Roy (1981) 
Deer era/(1963) 
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In general epidote has Mn^^  < Fe^ ^ while piemontite has Mn^ ^ > Fe^ "^  with similar Al 
contents. Both these minerals are characteristic of the low grade primary ores or the Mn-
silicate Carbonate ores of Vizianagram and reveal their metamorphism and high oxygen 
fugacity in accordance with their similar counter parts in Mn-silicate-carbonates of South 
Urals in accordance with Keskinen and Lieu (1979, 1984) and Bonazzi and Menchetti 
(2004). 
3.10 Wad 
The soft wad like material of the Plancha bedded deposit could not be identified. 
Wad is a very soft black friable Mn-ore reported from almost all supergene manganese 
deposits world over. Wad has been reported from Indian manganese deposits especially the 
Eastern Ghats region like Orissa (Mohapatra et al, 2005 and 2009) and Vizianagram, 
(Siddiquie, 2004). A hand specimen of wad is shown in Figure 3.4f. The mineral is a 
secondry ore mineral formed in warm humid tropical climate like that of the present study 
area. 
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Figure 3.1 Field photographs showing, 
(a) Water logged manganese quarry, Duvvam, Sadanandapuram block; 
(b) Manual sieving of low grade manganese ore, Kotakara quarry, 
(c) Weathered Mn-Si-carbonate and supergene manganese ore, Devada, 
Sadanandapuram block, district Vizianagram, (A.P). 
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Figure 3.2 Filed photographs showing; 
(a) Mined out primary manganese ores, Garbham bloclc; 
(b) Leeching of Ca in the weathering zone of study area; 
(c) Lenses and pockets of manganese within weathered khondalites in Duwam; 
(d) Lumps of Secondary Mn ore in Lithomarge in Salur quarries; 
(e) Mn-Si-Carbonate ores at Chipurupalle quarries; 
(f) Active open cast mining in the Chipurupalle block, district Vizianagram, (A.P). 
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Figure 3.3 Well developed hand specimens of, 
(a-b) Mammillated pyrolusite from Kotakara quarry, Garbham block; 
(c) Secondary pyrolusite with quartzite from Pallapgudi quarry, Garbham block; 
(d) Botryoidal psilomelane from Digva mine, Salur block; 
(e) Ferrugenous manganese ore with pyrolusite, Digva quarry, Salur block; 
(f) Banded braunite with pyrolusite from Pallapgudi quarry, Garividi block, 
district Vizianagram, (A.P). 
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Figure 3.4 Well developed hand specimens of, 
(a) Mn-silicate-carbonate ore from Duvvam, Sadanandapuram block, 
(b-c) Banded manganese within quartzite from Kotakarra quarry, Garbham 
(d) Weathered pyrolusite from mangotope mine, Chipurupalle block, 
(e) Ferrugenous manganese ore from Perumali block, 
(f) Loose and soft wad from Aithemvalasa quarry, Bangaruvalasa block, 
district Vizianagram,(A.P). 
74 
Chapter 4 
Ore microscopy and Petrography 
4.1 General Introduction 
Ore mineralogy serves as a tool in the genetic interpretation of the of manganese 
ore (Nicholson, 1992, Calendar and Bower, 1976). It also serves as an economic aspect 
in the mining and exploration of the ores deposits. The mineralogy of some continental 
manganese ore like the Vizianagram, has been hampered by the metamorphism and 
weathering of the original manganese ores. The ores mineralogical correspondence 
between the manganese ores of different blocks and horizons of the study area reveals 
some variation in mineral assemblages of the primary and secondry manganese ores 
throughout the study area. Manganese ore minerals of the study area were specifically 
also discussed by Krishna Rao (1963a, 1963b and 1967), Dasgupta (1993), Roy (1981) 
Siddiquie and Bhat (2010). 
Detailed optical studies of the manganese ores from deeper parts of the mines of 
Vizianagram are dominantly the primary ores (concordant/meta-sedimentary). The 
dominant minerals in the samples of the primary ores are the manganese carbonates and 
silicates which are dominantly the diagenetic to metamoiphose ore from the deeper 
unaltered or least altered parts of the study area. However ore samples from oxidation 
zone and the discordant ore bodies, local pockets and veins, being supergene ores are 
characterized by the dominance of minerals like psilomelane, cryptomelane and 
pyrolusite. Important micro textures and structures confirmed by scanning electron 
microscope (SEM) reveal sequential phases in the paragenesis of the manganese ores 
from sedimentary, metamorphosed to supergene phases in the study area. The various 
types of mineral assemblages and micro textures canied out in the present piece of 
research work from the manganese ores of Vizianagram are presented in table 8. The 
important samples from the different stratigraphic levels and blocks studied for optical 
and XRD tests are detailed as follows; 
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4.2 Mineralogy of selected ore samples 
The ore microscopy and XRD of a number of samples from the 
Vizianagram, district, A.P reveals members of almost all groups of manganese ore 
minerals like Mn-silicates, Mn-carbonates and Mn-oxides and hydroxides. The ore 
minerals identified under reflected light and XRD tests include rhodochrosite (rhc), 
braunite (bm), hausmannite (hsm), jacobsite (jcb), spessartite (sps) rhodonite (rhd) 
pyrolusite (pyr), cryptomelane (crp), psilomelane (psi). ramsdellite (rms) and magnetite 
(mgt) as seen in figures (4.1 - 4.7). The gangue minerals found throughout the study 
area include quartz (qtz), apatite (apt) and calcite (cal), etc. The present study shows that 
the deeper ore horizons in the major mines arc less altered by weathering and are 
characterized by the presence of different set of minerals representing the 
metamorphosed assemblages with some remirants of the original carbonate material 
while that of the near surface zones are the result of oxidation and supergene enrichment. 
A brief mineralogy of the selected samples of both primary and secondry manganese 
ores of the different blocks of the study area is as follows; 
4.2.1 Garbham block samples 
The samples collected from this block are mainly the Mn-silicate-
carbonate ores. The ore microscopy and XRD of the ore samples from this block 
confirms the presence of rhodochrosite, pyrolusite, calcite and quartz, spessartite, 
rhodonite and pyroxmangite (Figure 4.1 and 4.3a-b). The sample KTK2 collected from 
the deeper level of Kotakara quarry is massive, hard and compact nature and fine grained 
in nature with jet black color. The ores microscopic studies of the sample confirm the 
presence of alternate lamellae of psilomelane with rhodochrosite (Figure 4.1a). The 
sample CGBl from hinge zone of the fold near Central Garbham quarry, Garbham 
block, dsitrict Vizianagram, (A.P). The sample is hard and compact in nature with SG of 
about 3-3.5, greenish streak and hardness is 6. The microscopic study of the polished 
section confirms the presence of spherulites of rhodochrosite with pyrolusite where as 
the XRD of the sample also confimis the presence of rhodochrosite, pyrolusite and 
psilomelane (Figures 4.1b and 4.3a). The presence of rhodonite and spessartite and other 
Mn-silicates such as spessartite and rhodonite with abundant pyrolusite and psilomelane 
in sample PLDl from Pallapgudi quarry is also clear (Figure 4.1c and 4.3b) in this block. 
The polished ore blocks of Garbham mine show a variety of minerals that are 
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characteristic of metamorphosed manganese deposits. The minerals include spessartite, 
rhodonite, pyroxmangite with some apatite and feldspar. The texture is granoblastic in 
these ores. Spessartite occurs as small isometric, often cuhedral grains mainly related to 
segregations of pyroxmangite and rhodonite. Generally spessartite contains appriciable 
amounts of Ca and Fe, the etch test behaviour is +ve with H2O2 + H2SO4 in which it 
shows scratches with saturated SnCb and blackens quickly. Etching is -ve with the HCl, 
HNO3, KCN, HgCl2, H2SO4 and FeCb etc. The presence of rhodonite may be attributed 
to the breakdown of braunite. Depending upon the bulk composition (availability of Si, 
Fe etc.), temperature and oxygen fligacity, braunite and bixbyite may form together in 
metamorphosed manganese ore deposits (Muan, 1959a). Rhodonite is observed as 
colorless mineral under microscope but is seen m yellow to pinkish under PPL. One set 
of cleavage is common with occasional two sets at almost right angles. It is non 
pleochroic with an extension angle of around 20"-22 and 2V angle of 75 under X-
Nichols. The granoblastic texture of rhodonite bearing samples are commonly seen in 
the primary ores under microscope (Figure 4.1c) and occasional poikiloblastic texture 
with spessartite. Spessartite is usually fine grained with occasional large idioblasts of 
spessartite with rhodonite. Almost similar association of mctamorphic minerals overlaps 
sedimentary diagenetic rrianganese accumulation formed in reduction environments. 
Relics of rhodochrosite can be locally seen in samples least affected by the 
metamorphism. Metamorphosed manganese ores have been reported to contain 
rhodonite, tephorite, spessartite, rhodochrosite and Mn-rich magnetite in Spain (Jimenez-
millan and Velilla, 1998), in the Eastern Carpathians of Romania (Hirtopanu and Scott, 
1999), in Urals, Russia (Gerasimov et a I, 1999) and in China (Zeng and Liu, 1999). 
4.2.2 Sadanandapuram block 'samples 
This block is represented by the both mctamorphic and supergene mineral 
assemblages along Devada, Duvvam and Sadanandapuram quarries. The specimen SDPl 
is characterized by dark black color with metallic lustre, hard and compact nature, S. G 
is 4 and hardness is 6. The specimen has a black streak with shiny pyrolusite. The 
minerals detected in the microscopic studies and XRD test of the sample include 
pyrolusite, jacobsite, psilomelane, magnetite, hausmannite, with some gangue minerals 
(Figures 4.2 and 4.3c). Presence of jacobsite in the studied sample SDPl was felt by its 
• * ^ > 
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attraction by simple magnet wiiich is not felt in tiie jacobsite lacking samples. The 
samples bearing jacobsite were also understood by heating up of the sample during the 
polishing process and may be attributed to the high Fe content of the samples. The 
jacobsite and hausmannitc strands form a windmanstatten texture (Figure 4.2b) which is 
a typical vredenburgite characteristic of the metamorphosed manganese of the many 
continental manganese ores. Jacobsite shows diffuse boundaries with hausmannite with 
small reinnants of magnetite (Figure 4.2c) and jacobsite as seen in Figure 4.13. The 
observed mineralogy of the sample suggests clear paragenetic evolution of the 
assemblage. Jacobsite is a Mn rich spinel and belongs to cubic system behaves isotropic. 
Laminae of hausmannite are seen as intergrowth with the host jacobsite in many other 
samples from the mines of this block typical windmanstatten texture (Figure 4.2b). 
Under microscope first of all, the mode of occurrence and morphology of hausmannite 
lamellae attract attention. This mineral occurs as elongated strands irregular in shape and 
actively corroded by pyrolusite (Figure 4.2b). Such aggregates are likely the 
metamorphosed manganese ore minerals partly replaced with secondry pyrolusite of the 
supegene origin. The present jacobsite in vredenburgite under chemical tests show +ve 
etch reactions with saturated SnCU where grains shows etch marks after five minutes. It 
also shows positive etch test with H2O'* H2SO4. However it shows negative tests with all 
other standard reagents. Pyrolusite was seen as secondry replacement product through 
out the field under observation. Orcel and Pavlovitch (1931), detected weak 
anisotropism in the host mineral of the intergrowth in Vredenburgite and called them a 
constituent (hausmannite). Jacobsite was also found -ve with etch tests as compared to 
the host a constituent. Finally Dunn (1936) declared vredenburgite as an intergrowth of 
jacobsite and hausmannite. The first Optical, X-Ray and magnetic observations by Deb 
(1943) showed the jacobsite is host mineral in Vredenburgite. 
4.2.3 Garividi block samples 
This block is dominated by manganese oxides like pyrolusite and 
psilomelane with some minor rhodochrosite. The ore sample GRVl collected from 
Garividi mine of the study area and is characterized by the botryoidal form (Figure 4.3f). 
The polished section of the sample ORV1 is dominantly consisting of psilomelane with 
minor gangue when observed under reflected light. Psilomelane is occupied in the joint 
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loops of the colloform pyrolusite and rhodochrosite (Figure 4.4a). Psilomelane and 
pyrolusite shows vein replacement with rhodochrosite in the sample GRV2 (Figure 
4.4b). Psilomelane is seen as wa\'y strands of black color through the view in a matrix of 
pyrolusite with minor gangue minerals. Pyrolusite in these polished sections was 
identified as white to yellowish minerals of fine to coarse grains. High reflectance and 
distinct pleochroism from white to yellow. It also shows strong anisotropism in the 
shades of grey to yellow'. It also appears as a ground mass in most of the samples 
indicating the samples of the oxidation zone of the study area. The ore is also 
characterized by hard and massive nature with 4.5 S. G and hardness is 6.5.The 
dominant ore minerals confirmed from this block include psilomelane and pyrolusite and 
rhodochrosite (Figure 4.4a-c). 
4.2.4 Chipurupalle block samples 
This block is characterized by the pre dominance of braunite and bixbyite with 
some rhodochrosite. The primary ore samples are layered, hard and massive in character 
and are characterized by dull lusture. The S. G is approximately 4 while hardness of 4.5 
with a white streak. Dull lustre and greasy feci is very clear. The sample MGT 1 is also 
hard and massive with hardness of 6. The ore microscopy and XRD test of these samples 
confirms the presence of braunite, bixbyite and pyrolusite (Figure 4.5b). under 
microscope some grains of braunite and bixbyite with traces of quartz and apatite are 
also observed. The bixbyite grains seem to be co-genetic with braunite and have overall 
granoblastic texture in the field under view. Rhodochrosite is associated as accessory 
phase with the main braunite phase in as seen in (Figure 4.5a-c). The XRD image of the 
sample MGT2 confirms the presence of braunite and rhodochrosite (Figure 4.7b). 
4.2.5 Salur block samples 
This block is dominated by the secondly ores with supergene ore minerals like 
pyrolusite, psilomelane, ci-yptomelane and ramsdellite, quartz, apatite and other gangue 
minerals. Cryptomelane, psilomelane and pyrolusite like manganese oxide mineral 
phases are concentrated in the supergene enriched zone but also occur as microscopic 
veinlets that crosscut other manganese minerals. The sample DGVl from diguva querry 
is veiy hard and compact, black streak with approximate S. G is 4-5 and hardness is 6 
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and is characterized by the presence of abundant psilonieiane with steel grey color shiny 
crystals of pyrolusite oriented randomly along with the psilomelanc and gangue. Under 
PPL the psilomelane shows dark grey color, isotropic nature and pleochroism in the 
shades of steel grey to blue grey (Figure 4.6a). The refractive index of psilomelane is 
higher than other minerals and Canadabalsm. The polished ore block of the sample 
shows blades as well as anhedral grains of psilomelane. Grains of psilomelane ranging in 
size from 0.5-0.8 mm are surrounded by minute rims of pyrolusite and quartz (Figure 
4.6a). 
4.2.6 Bangaruvalasa block samples 
This manganese ore samples from Bangaruvalasa block of the 
study area dominantly consists of braunite, rhodochrosite and psilomelane. 
Cryptomelanc occasionally embays and cross-cuts rhodochrosite and braunite while as 
the pyrolusite is seen as a vein filling secondry ores material (Figure 4.6b). Braunite 
shows typical anisotropies under X- Nichols and exhibits definite grain boundary 
relations with the adjacent minerals like jacobsite and hausmannites from the study area 
when observed under PPL. It also shows the diffuse boundaries with paragenetic 
counterparts (Figures 4.6b). The dominance of braunite and pyrolusite in the sample is 
clear frotn the higher weight percentage of Mn in the sample (Table 8). Ramsdellite (P-
Mn02) a crystallographic form (polymorph) of pyrolusite has been confirmed in the 
sample BGRl. Under chemical tests the mineral was confirmed by etch reactions with 
many reagents. It shows positive effects with H2O2 as effervescence and no effect on 
surface, turns slightly dark lightly with FeClj in HCl, H2O2 + H2SO4 were it stains black 
rapidly and black with SnCl2 (saturated). Negative effects were seen with that of HCl, 
HNO3, KOH, HgCl2 etc. The X-ray powder pattern of the sample BGRl (Figure 4.7c) 
also confirms the optically observed pyrolusite, cryptomelanc, ramsdellite, pyrolusite 
and quartz. 
4.3 Mineral assemblages and paragenesis 
The ores microscopic and XRD data supported by the geochemical data of the 
respective samples from the manganese mines of the study area have shown a well 
developed ore mineral paragenesis and assemblages with respect to the environmental 
conditions. The mineral assemblages are neither uniform for all the operating mines and 
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quarries nor they are uniform from horizon to horizon with depth. However there is a 
great variation in mineral assemblages within the district. The previous mineralogical 
details of the study area as.reported by many workers (Fermor, 1908; Krishna Rao, 1954, 
]956a, 1956b, 1963a, 1963b, 1964, 1967; Krishna Rao and Dhana Raju, 1966; 
Sivapraksh, 1981; Siddiquie and Bhat, 2008) were taken into due consideration for 
unveiling the possible mineral paragenesis. 
4.3.1 Rhodochrosite- hausmannite - rhodonite-pyroxmangite-spessartite 
4.3.2 Braunite - jacobsite - hausmannite -vredenburgite 
4.3.3 Braunite- bixbyite - rhodonite 
4.4.4 Pyrolusite-cryptomelane-ramsdellite-maghemite 
4.3.1 Rhodochrosite- hausmannite - rhodonite-pyroxmangite-spessartite 
This assemblage is the characteristic of primary ores of the Vizianagram, district. 
The diagenetic origin of rhodochrosite is evident in its morphology. It is common in 
metamorphosed manganese ores of India, Bulgaria and Urals. Rhodochrosite is rarely 
reported as an intermediate oxidation product of Mn-carbonate in supergene oxidation. 
The bulk of this mineral is represented by minute spherulites of threadlike crystals that 
grew in a fine-grained carbonate or silicate matrix. Such spherulites are most likely 
postdated the ores matter sedimentation. The spherulites of rhodochrosite in 
Vizianagram manganese ore deposits resembles the rhodochrosites of Bulgaria and 
Southern Urals which are completely diagenetic as worked out by Aleksiev (1960). 
Admixtures of Mn-carbonate, aluminous sediments and silica and manganiferous sheet 
silicates in volcanogenic sediments may also lead to the fonnation of spessartite in a 
rising temperature (Hsu, 1968). The presence of rhodochrosite with or without quartz in 
some lenses of manganese ores of district Vizianagram, (A.P.) represents the products of 
the original carbonate-silicate-oxide rock that escaped later metamorphism. 
Rhodoclorosite and quartz co-exist only at very low grades of metamorphism (Huebner, 
1967 and , 1969; Peters et al (1974), which is in accordance with the presence of quartz 
with rhodochrosite in the ore samples from the hinge zones of the folds, where they had 
been least affected by the metamorphism. Rhodochrosite often replaces Mn-oxides 
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Table 8 Ore mineralogy of the selected manganese ore samples from different 
blocks, District Vizianagram, (A.P.) 
Il> 
CGBI 
(Garbham) 
KTK2 
(Garbham) 
PLDl 
Palapgudi 
GRVl 
DVMI 
SDPl 
GRVl 
GRV2 
MGTl 
MGT2 
PRMl 
M.I1U miuiral (s) 
Rhodochrosite, 
psilomelane, 
Pyrolusite, 
Pyrolusite 
Pyrolusite, 
jacobsite 
Vredenburgite 
Hausmannite 
Pyrolusite 
Hausmannite 
Pyrolusite, 
Psilomelane 
Rhodochrosite 
Bixbyite 
Braunite 
Braunite 
Rhodochrosite 
Psilomelane 
AssuLiated 
Mincial(s) 
Pyrolusite 
Rhodochrosite 
Mn-silicates 
Magheniitc, 
Jacobsite 
cryplomelane 
Magneiilc 
Cryptomclane 
Psilomelane 
Pyrolusite 
Cryptomclane 
Cryptomclane 
Pyrolusite 
Quartz, Apatite 
Quartz 
Psilomelane 
Quartz, Calcite 
Pyrolusite 
Qaurtz 
Apatite, 
Gangue 
Quartz 
Clinopyroxenes 
Mn-silicates 
Gangues 
Banded and 
Replacement 
Idioblastic 
Granoblastic and 
Replacement 
Granoblastic 
Windmanstatten 
Granoblastic 
Idioblastic 
Granoblastic 
Granoblastic 
Banded 
Replacement 
AVGI Pyrolusite Psilomelane Ramsdelhte Replacement 
completely. However, where the entire resource of carbon dioxide was consumed in the 
course of carbonation, an excess of manganese could have been retained in the oxide 
form as hausmannite where rhodochrosite has a high content of FeCOj, jacobsite may 
also form from decarbonation product at high temperature (Huebner, 1967). The primary 
ores enriched in Si, Al, Mn and Fe are largely composed of quartz, pyroxmangite and 
rhodonite. Some samples are mostly composed of rhodonite or pyroxmangite and quartz 
with small to negligible amounts of rhodochrosite, calcite, peidmontite and epidote are 
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sporadic. The relationships between these minerals are equivocal. In many places, fine 
intcrgrowths of rhodochrosite with quartz are observed; however, elsewhere, quartz and 
rhodochrosite do not make up a stable assemblage but react with each other to crystallize 
pyroxmangite or rhodonite as; 
MnCOj + Si02 = Mn(SiO.0 + CO2 (Reaction-1) 
(Rhodochrosite) (Quartz) (Rhodonite) 
The replacement of carbonate with pyroxenoid is especially evident in the 
banded ore (Figure 4.1c). Rliodochrosite is locally retained therein only within the beds 
of newly fornied pyroxmangite as isometric or inegularly shaped relics isolated from 
quartz. The pyroxmangite and rhodonite crystals themselves contain numerous 
inclusions of both rhodochrosite and quartz. Pyroxmangite and rhodonite could have 
formed not only as products of reaction of quartz with rhodochrosite (Reaction-1) but 
also as a result of other processes, for example, by interaction of quartz with caryopilite 
(Reaction 2) or Mn-oxides. At an excess of Si02, the quartz-pyroxmangite (rhodonite) 
assemblage was formed in ore in all cases. The Mn-rich hausmannite-tephroite, 
rhodochrosite-tephroite rocks close in composition due to silica gain (Hsu, 1968). 
Schematically this process can be ascribed as the following reaction (for the particular 
case of rhodonite formation; 
Mn2(Si04) + (Si02)a^ ^ 2Mn(Si03) (Reaction-2) 
Tephroite Solution Rhodonite 
In accordance with Hsu (1968), the temperature of spessartite formation at a 
pressure of 2.5 kbar should not be lower than 410°C as possible pressure and 
temperature for metamorphism of Vizianagram manganese ores. At the same time, 
spessartite is one of the most abundant primary ore minerals at the deposit. Spessartite 
crystallization at high temperature was also suggested by researchers on manganese 
deposits from Belgium, Ghana, California and other regions (Flohr and Huebner, 1992; 
theye et al (1996; Nyamt, 2001). The primary ores that occur throughout the banded 
stratiform ore horizons are largely of pyroxmangite (rhodonite), rhodochrosite and 
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quartz; with spessartite. With regard to mineral assemblages, quartz, hausmannite, 
rhodochrosite, pyroxmangite are possibly important minerals formed in the main ore 
layer in the course of burial metamoiphism at a maximum temperature and pressure of 
250° C and 2.5 Kb respectively. The formation of pyroxmangite and rhodonite depended 
on the Ca distribution in ore minerals at constant temperature and pressure. It is possible 
that pyroxmangite was formed in ore depleted m Ca, whereas enrichment in Ca led to the 
appearance of rhodonite. The manganese content in jacobsite increases with the grade of 
metamorphism from low greenschist to amphibolite facies. Oxidation of FeSiOj -rich 
and hence rhodonite or pyroxmangite may result in micrographic intergrowth of 
jacobsite and rhodonite. The textural relationship of rhodonite and spessartite reveals 
overlapping or cogenetic growth. Spessartite idioblasts are seen embedded in secondry 
pyrolusite and quartz matrix throughout in the primary ores (Figure 4.1c). 
4.3.2. Braunite- bixbyite - rhodonite-cryptomelane 
This assemblage is typical in the most continental metasedimentary and 
metamorphosed manganese ores. The assemblage is characteristic of the primary ores of 
deeper levels in some mines of the study area representing the metamorphosed 
manganese beds of the district. Braunite a lower oxide of manganese on heating gives 
rise to hausmannite was shown by laboratory experiments conducted by Orcel and 
Pavlovitch (1931) supporting the paragenesis of the assemblage through metamorphism 
in the present research work. Vredenburgite the intergrown hausmannite (Mn rich 
member) and jacobsite (Fe rich member) in the primary ore samples are frequently 
observed in the studied ore. Hausmannite, Mn304 is Mn rich mineral with Zn and Mg as 
main substitutes, which accounts for higher Mg and Zn concentrations of the respective 
samples. The composition is close to Mn304 with only minor substitution by other 
elements. The formation of hausmannite in metamorphosed manganese deposits is a 
function of high temperature and concomitant reduction and its presence, in the absence 
of jacobsite, reflects a low iron composition. The formation of jacobsite depends on the 
iron content in the original bulk composition, temperature and oxygen fiigacity. The 
higher jacobsite content in the primary ore samples are reflected as high iron content of 
the primary ore samples (1-6) as shown in table 8. A maximum of 6.91% Fe304 has so 
far been recorded from iron rich hausmannites of Kangban deposits of Sweden however; 
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Mason (1943) considered this as close to limiting value in the structure of hausmannite 
at room temperature. The hausmannite lamellae also show pleochroism and anisotropics 
in shades of dark grey to green. The individual grains often show a well developed 
lamellar twinning. The present observations support the results of Deb (1939) and Roy, 
S. (1958) where there is no homogeneity in Vredenburgite. According to Fermor (1938), 
the excess oxygen over the simple (Fe, Mn)304 shown by Indian Vredenburgites 
suggests that the original material was not a spindled and that on unmixing it broke 
down not to jacobsite and hausmannite alone but also gave rise to some free Mn02 in the 
form of pyrolusite and psilomclane. Mason (1943) also reported homogenous 
Vredenburgite in a metastable state from Langban and was named as y-Vredenburgite. 
Mason (1947) contradicted Fermor by stating that the Mn02 in the form of pyrolusite or 
psilomelane, found in association with Vredenburgite, is only a secondry replacement 
product, replacing selectively the hausmannites only. Mason studied the system Fe304-
Mn 304-ZnFe204 and found that the variation of Iron and manganese in Vredenburgite is 
continuous and hence no differentiation into different species based on the relative 
content of Fe and Mn. It has been clearly shown that in the Fe304-Mn304 system, the 
compositional field assigned to hausmannite at room temperature is 91-100% Mn304 
(Mason, 1943; Van and Keith, 1958) and the Fe content decreases in higher temperature 
so that at 1160 C hausmannite is iron free. Hausmannite lamellae in jacobsite or the 
windmanstatten texture and a diffused boundary contact (Figure 4.2b-c) indicate their 
oogenesis and the definite paragencsis suggests transformation of pyrolusite and braunite 
into hausmannite at higher temperatures in the case of Vizianagram ores , some of the 
segregated hausmannite lamellae show unique morphology of iiregular shape acfively 
conoded by pyrolusite (Figure 4.2b) indicating the metamorphosed relics of primary 
sedimentary manganese oxides and or hydroxides partly replaced by manganese oxides. 
4.3.3. Braunite- bixbyite-rhodonite 
Braumte (MnvSiOn) is an important lower oxide of manganese which takes up 
manganese during the increasing grade of metamorphism from bixbyite. Braunite has 
about 10-Wt% of SiOi and is not a pure oxide. It is rather a silicate but conventionally 
called as lower oxide of Mn. It breaks down as per the following process; 
MnySiOiz = 3 Mn203 + MnSiOs (Reaction-3) 
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(Braunite) (Bixbyite) (Rhodonite) 
In principle, thie above pair can serve as an application in geochronology. 
Braunite commonly found in all mctamoiphosed manganese deposits ranging from the 
diagenetic to granulitc facies (800"-900"c) with varied composition due to Mn"^ ,^ Fe3'* 
exchange with bixbyite. Braunite is not found in polymetallic oceanic nodules because 
they have not been subjected to temperature at least 100"c and if found may be due to 
biogenic reduction. Braunite is present in Archaean and Proterozoic manganese deposits 
of Kalahari, S. Africa and India containing around 4.5% of Si02 and 4.5% of CaO (Wt 
%) as suggested by (Roy, 1981). Depending upon the bulk composition (availability of 
Si, Fe etc.), temperature and oxygen fugacity, braunite and bixbyite may form together 
in metamorphosed manganese oxide ore body (Muan, 1959a, 1959b). Pyrolusite in this 
assemblage is of secondry replacement origin and indicates the enrichment of 
manganese by supergene enrichment process in the zone of weathering. In 
metamorphosed manganese ore deposits of the Vizianagram, the manganese silicate ore 
(silicate-oxide, silicate-carbonate and mixed assemblages) reflect the initial chemical and 
mineralogical composition of the sediments and their intensity of metamorphism. The 
crystal structure of the metamoq^hic braunite is not identical to that of the normal 
braunite. The c-axis of the metamorphic one is double to that of normal braunite and has 
been named as Braunite II as a distinction from normal Braunite (Braunite I). Braunite II 
is the only one of its kind in the world believed to be formed due to hydrothermal 
activity. Due to the fact of crystallographic differences the difference in optical 
behaviour and XRD patterns (Figure 4.5b-c, 4.7b) of the present braunite from 
sedimentary braunite is very obvious. 
4.3.4. Pyrolusite-cryptomelane-ramsdellite-maghemite 
Cryptomelane is mostly found in low temperature metamorphic and weathering 
environments. Cryptomelane containing samples are soft, black, velvety ground mass 
but in some samples consist of numerous, vei^ thin, closely spaced needles of 
cryptomelane or hollandite oriented with their long axes perpendicular to the velvety 
surface. Cryptomelane, a low temperature mineral converts into bixbyite at 600 c. 
However the dominance of cryptomelane in some samples indicates least conversion. 
The presence of the higher oides of manganese in secondry ore sample is a function of 
high chemical activity in the system. For cryptomelane, the sum of Na + K + Ba + Sr 
+Ca of the geochemical data goes around 1 (Hewett, 1963). The accommodations of 
large cations depend upon the temperature of the environment of formation and hence 
the origin of these minerals becomes distinct. The abundance of pyrolusite in the 
Vizianagram manganese ore is in close association with cryptomelane in most of the 
samples. Pyrolusite and cryptomelane are also seen in the cracks and boundaries of other 
minerals and appears to have developed at the expense of later, presumably by the Mn 
ions changing positions (Dystrom and Bystrom, 1950). Ramsdcllite mostly observed as 
tabular to blocky crystals in this assemblage follows either hollandite or psilomelane in 
the paragenetic sequence. One possible explanation of this sequence is that in the 
absence of the large cations present in the hollandite structure the double strings 
composed of oxygen octahedra around manganese ions may be knitted together to form 
a ramsdellite-likc arrangement (Bystrom and Bystrom, 1950). The appriciable strontium 
content and the sympathetic variation of strontium with barium in cryptomelane and 
psilomelane indicate that the strontium is probably present in the structure of these 
minerals and perhaps substitutes in barium or water molecule sites in cryptomelane. The 
presence of strontium in these sites may be responsible for some of the differences 
between XRD powder patterns of cryptomelane as well as the optical properties. The 
assemblage suggests supergene alteration and enrichment of higher oxides from the high 
temperature earlier mineral of metamorphosed nature. The association of magnetite and 
maghemite suggest supergene alteration of the Mn-Fe component of the primary ores of 
the study area. Occurrence of globular, colloform, concentrically zoned and other 
structures typical of gel crystallization is characteristic of the studied ores from different 
blocks of district Vizianagram, (A.P.). 
4.4 Ore textures and microstructures 
The microscopic examinations of the Vizianagram manganese ores revealed the 
presence of open space filling, colloform, pseudocolloform, banded and replacement 
textures. Manganese oxides mostly show micro-banding, while as Mn-carbonate and 
Mn-Silicate ore have a monotonous microscopic pattern and are mostly characterized by 
grey brown color with occasional micro wavy banding and common spherulites or 
pelitoraorphic/micro lumpy aggregates. The manganese oxides like psilomelane and 
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pyrolusite show colloforni/ pseudo coloform or boti7oidal and mammillated and 
acicular tetures (Figures 4.la-b, 4.2a and 4.3). Primary ores generally show granoblastic 
and banded texture while the secondry ores typically possess acicular and colloform 
texture. 
4.4.1 Open space filling texture 
The texture is seen as the deposition of younger and secondry material along the 
vugs, fractures and cracks of the older ones, the later being friable in nature (Figures 4.5, 
4.6). It is indicated by the presence of pyrolusite and cryptomelane in most of the 
samples. The higher frequency of the texture reveals the shearing as a result of tectonic 
disturbances as well as the chemical alteration in the weathering zone of the ores 
deposits. Fissure replacement and honeycomb texture is better seen in case of the banded 
ore (Figure 4.8c, 4.9c), suggesting a highly operative chemical alteration and supergene 
process. 
4.4.2 Colloforni texture 
This texture is indicated by concentric rhythmic bands concavo-convex surfaces 
in which curvature is always convex towards the younger surface. Sometimes it is 
observed in spheroid, mammilla^ or botryoidal forms (Pettijhon, 1975). This type of 
texture always results from precipitation from hot colloidal aqueous solutions coming 
from deeper levels. The collofrom texture is displayed by many polished specimens as 
seen in figures 4,1 and 4.4. 
4.4.3 Banded texture 
This texture is used to describe the nearly parallel arrangement of bands or 
lamellae which generally differ in the color and composition. The texture is a 
representation of alternate compositional banding of lamellae in case of the present ore 
(Figures 4.1a and 4.5b). The ore samples display this feature best in polished specimen 
as well as under PPL. 
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4.4.4 Rim replacement texture 
This typical texture is the characteristic of the supergene ores from weathering 
zone in which a mineral grain is suiTounded by a rim of the reaction product formed 
between it and the invading solution (Figure 4.4b and 4.6a). The reaction product formed 
may be complete or incomplete ring depending on the rate of material supply. 
4.4.5 Vein replacement texture 
This kind of texture has been observed in most of the polished specimens of the 
Vizianagram, Mn ores (Figure 4.5c). The cracks and fissures in the dominant mineral 
phase of the studied ores are invaded by the circulating fluids with some specific 
elements transforming the host mineral into new minerals. Examples are secondry 
pyrolusite, psiolomelane and crytomelanac. 
4.4.6 Crystallographic intergrowth 
The only crystallographic growth found in the present Mn ores of district 
Vizianagram, (A.P) is that of hausmannite and Jacobsite. The intergrowth as a whole has 
been named as Vredenburgite by Fermor in, 1909, However there had been a long debate 
over the nomenclature of the mineral but the name Vredenburgite is still used for the 
intergrown Jacobsite and hausmannite, wherein the hausmannite lamellae are oriented in 
the (III) direction of jacobsite and is called as Windmanstetten texture (Fig 4.2b). The 
hausmannite lamellae arc straight extending upto the boundary of the host. Three sets of 
such lamellae in some polished specimens. The same texture has been reported by Roy, 
(1958) from the Tirodi mines of Balaghat district (M.P), India. The intergrowth has been 
first of all reported by SchneiderhThn (1931) and Orcel and Pavlovitch (1931) as 
exsolution. Similar microstructures have been observed between braunite and 
hausmannite (Fig... but the hausmannite lamellae are oriented at an angle to braunite. 
Such Intergrowths have evidently formed due to exsolution and are similar to that 
reported by Roy (1960) from Tirodi, M. P. 
4.4.7 Mutual boundary relations 
The present manganese ores from the district Vizianagram, (A.P) reveal diffuse 
mineral boundary contacts between jacobsite and hausmannite, pyrolusite and 
psilomelane, rhodochrosite and bixbyite and braunite and bixbyite (Figures 4.2c, 4.5a, 
4.5c). In most cases such a contact is perfectly smooth. The microstructures suggests co-
crystallization or simultaneous crystallization but cannot be regarded as equivocal 
evidence (Edwads, 1954). However, in the absence of any evidence contrary to this and 
the intimate association of these two minerals, a more or less same age relation is 
suggested for both. Grain boundary replacement texture (Figure 4.8b) and Intergrowth 
texture (Figure 4.8b) are also seen in the studied ore (Figure 4.8a). 
4.4.8 Colloform texture 
The most important texture from the paragenetic sequence point of view is 
replacement and colloform textures and is well seen in the polished sections and SEM 
images of the Vizianagram manganese ores (Figures 4.4a and 4.9a). The texture is best 
seen in the rhodochrosite, psilomelane and pyrolusite bearing ore samples specimens 
mostly. The replacement process is widely suggested as the mechanism for the origin of 
the texture. Primary minerals are mostly enveloped by second generation minerals along 
grain boundaries and fracture walls. Vredenburgite is mostly replaced by psilomelane 
while as pyrolusite replaces psilomelane. Braunite replaces cryptomelane in sample 
while bixbyite sun'ounds pyrolusite in some samples. Bixbyite also surrounds 
hausmannite in some cases. Pyrolusite shows an cndothenn at 650 -700 c (Neumann, 
1977), owing to bixbyite (MnzOs) formation and at 920*'-970"c gives beta hausmannite. 
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Figure 4.1 Photomicrographs showing, 
(a) Alternate compositional lamellae of rhodochrosite and supergene 
psilomelane and Pyrolusite in primary Mn ore Central Garbham 
mine; 
(b) Distorted spherulites of rhodochrosite with secondry pyrolusite in the 
Primary Mn ore, Kotakara quarry; 
(c) Idioblasts of Mn-silicates-spessartite and rhodonite in the matrix of 
secondry pyrolusite and psilomelane, in primary Mn ore, Pallapgudi 
quarry district Vizianagram, (A.P). 
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Figure 4.2 Photomicrographs showing, 
(a) Etched jacobsite with supergene pyrolusite in secondry ore from 
Devada quarry; 
(b) Lamellae of hausmannite and jacobsite with pyrolusite in primary Mn 
ore Duvvam quarry; 
(c) Diffused boundaries of jacobsite and hausmannite in the primary Mn 
ore Sadanandapuram quarry; district Vizianagram, (A.P). 
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Figure 4.3 XRD images showing, 
(a) Pyrolusite, rhodochrosite, apatite, quartz, psilomelane in primary Mn ore 
Central Garbiiam quarry; 
(b) Spessartite, pyrolusite, rhodonite, pyroxmangite and quartz in secondry 
Mn ore, Pallapgudi quarry; 
(c) Quartz, jacobsite, hausmannite, magnetite and pyrolusite in the primary 
Mn ore, Duvvam quarry, district Vizianagram, (A.P). 
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Figure 4.4 Photomicrographs showing, 
(a) Pyrolusite, Psilomelane and gangue in secondry Mn ore, 
devada; 
(b) Replacement texture of pyrolusite and rhodochrosite in 
secondry ore, Garividi block; 
(c) Colloform of psilomelane with pyrolusite and gangue in 
secondry Mn ore Garividi, district Vizianagram, (A.P). 
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Figure 4.5 Photomicrographs showing, 
(a) Etched rhodochrosite, bixbyite with supergene pyrolusite in the 
secondry Mn ore Mangotope quarry; 
(b) Ahemate compositional lamellae of rhodochrosite and braunite in 
primary ore Mangotope quarry, and 
(c) Granoblastic braunite and bixbyite with a vein of cryptomelane in ore 
Mangotope quarry, district Vizianagram, (A.P). 
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Figure 4.6 Photomicrographs showing, 
(a) Supergene psilomelane, pyrolusite and gangue in secondry Mn ore, 
Perumali quarry; 
(b) Vein of secondry pyrolusite and cryptomelane in braunite and 
rhodochrosite in secondry Mn ore, Bangaruvalasa block; 
(c) Well-developed ramsdellite, psilomelane, cryptomelane and quartz 
with gangue in secondry Mn ore, Avagudem, district Vizianagram 
(A.P). 
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Figure 4.7 XRD image showing, 
(a) Supergene psilomelane, pyrolusite, apatite and quartz in secondry Mn ore 
Garividi mine; 
(b) Braunite, bixbyite cryptomelane and rhodochrosite in Primary Mn ore 
from Mangotope quarry; 
(c) Psilomelane, pyrolusite, ramsdellite and quartz in secondry Mn ore 
Avagudem, Vizianagram (A.P). 
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Figure 4.8 SEM images showing, 
(a) Grain boundary replacement texture of spessartite (black) with 
pyrolusite (white) in primary Mn ore , Pallapgudi quarry; 
(b) Intergrowth texture in Vredenburgite in primary Mn ore from Duvvam 
quarry; 
(c) Fissure replacement and layered structure of Mn-Silciate carbonate ore 
from Garbham, district Vizianagram, (A.P). 
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Figure 4.9 SEM images showing, 
(a) Closely folded lamellae of colloformic pyrolusite in the secondry Mn ore, 
Garividi block; 
(b) Patches of carbonate remnant in the primary braunite bearing ore, 
Mangotope quarry, Chipurupalle block; 
(c) Honey comb structure of secondry Mn ore, from Perumali quarry, 
Vizianagram. 
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Chapter 5 
Geochemistry of Manganese ores 
5.1 General Introduction 
Manganese (Mn) is a transition metal wiiich is widespread in the environment, 
occurring in all rocks and soils (Kraiiskopf and Bird, 1995). Mn is the 12"" most abundant 
element in the cmst and is represented in nature by only isotope (^ "^ Mn) isotope and +2, +3 
and +4 valance states. Geochemically, Mn is a strong lithophile element with some 
chalcophile characters (as shown by its presence in oldhamite in meteorites) and serves as a 
tool to explore the genetic environment and the palaco-environmental conditions. In upper 
lithosphere it is oxyphile and also shows biophile tendency (Rankama and Sahama, 1950). It 
is not siderophile at all (Roy, 1981). Calculations of the average abundance of Mn in the 
earths crust shows values close to 1000 ppm (IGoldschmidt, 1954; 950 ppm and Krauskopf, 
1967; 1060 ppm). Average values of Mn in igneous rocks have been calculated as 0.01% by 
Rankama and Sahama (1950). No independent manganese mineral is found in the main stage 
of magmatic crystallization and the available manganese is fixed in the ferromagnesian 
phases (Roy, 1981). The world average of Mn has been quoted as 0.15% for ultrabasic rocks, 
0.2% for the basic rocks, 0.12% for intermediate rocks and 0.06 for acidic rocks (Vinogradov, 
1962). Mangnaese tends to concentrate in the latest phases of magmatic crystallization with 
reference to Fe and Mg due to its larger Ionic radius in the divalent state (Rankama and 
Sahama, 1950; Godlschmditt, 1954). Enrichmnet of manganese in rock forming minerals and 
some specific minerals is recorded in pegmatites (Mn-Phosphates, manganiferous columbite, 
spessartite, Helnite etc.) and in the post magmatic pneumatolytic and hydrothermal deposits 
(rhodochrosite, Mn-Oxidcs and Mn-Silicates). Among sedimentary rocks the average 
abundance of manganese is at maximum in sandstone 0.26 - 0.05, Wedepohl (1969) cited by 
(Krauskoff, 19(57) and at the maxmum in oceanic pelagic red clay as 0.856% by Ronov and 
Yaroshevsli)' (1972), 0.177% by Rankama and sahama (1950). The general Mn/Fe ratio of 
sedimentaty rocks has been calculated as 0.0166 - 0.025 with the ratio as highest in hmestone 
as 0.08% Mn by Stanton (1972). Ronov and Yaroshevsky (1972) calculated the average Mn 
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content of shield metamorphic rocks as 0.08%, which agrees well with the average value of 
0.056% by Beus, 1972. Manhert, 1969 found 0.057 - 0.13% of Mn in pelitic metamorphic 
rocks while as in amphibolite 0.12% of Mn has been recorded (Beus, 1972). Mn '^^ is the most 
abundant soluble inorganic component in natiu'al waters (Crerar et al (1978). 
Manganese ores are basically precipitates of hydrous manganese abundant in 
hydrosphere especially oceans, shallow marine environments and temperate lakes. Elements 
that are present in the earth's cmst in much lower concentrations are also present in the 
manganese ores distinctly as three types (i) those em-iched in Mn ores related to their nonnal 
crustal abundances include B, P, V, Mn, Fe, Co, Ni, Cu, Zn, Sr, Y, Zr, Mo, Ag, Cd, Ba, La, 
Yb, W, Ir, Hg, Tl, Pb and Bi (ii) Those which arc neither significantly enriched nor depleted, 
Na, Mg, Ca, Ti, Ga, Pb and Au. (ii) Those which are somewhat depleted Al, Si, K, Sc and Cr. 
However the degree of enrichment among the enriched elements varies considerably. Mn, Co, 
Mo and Ti are hundred fold more. B, Cu, Zn, Cd, Yb, W and Bi from 10-50 fold and P, V, Fe, 
Sr, Zr and Ba, La and Hg less than 10 fold. The composition of the manganese ores are 
determined by the nature of environment of deposition and their evolution, the adsorptic and 
crystallo-chemical properties of the authigenic phases in the ores , the rate of deposition of 
ores and the physic-o-chcmical nature of the medium involved. Extensive literature available 
on the chemical composition of manganese ores of different genetic types like oceans, 
shallow seas, lakes and the other continental deposits. 
5,2. Major element geochemistry of manganese ores 
Before briefing the elemental compositions of the Vizianagram manganese ores , it 
is important to high light some important geochemical aspects of the manganese ores from 
different environments throughout the globe in order to investigate the geochemical nature 
and the inter elemental relationships of the present ore deposits from the genesis point of 
view. Various genetic types of manganese ores consists of some concentration elemental 
assemblages, which differ with reference to their genetic types. Bonatti et al (1972 and, 
1976), Bostrdm (1973); Borchert (1970) and Chaoi and Hariya (1990) have described the 
elemental relationship of volcanogenic sedimentary deposits of manganese from different 
parts of the world. The bulk composition of manganese ores in almost all the environments is 
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a combined function of multiple factors most importantly the rates of the concentration of the 
elements, oxide/ore/nodule or micro nodule growth, sediment accumulation, biological 
productivity, temperature, pressure, Eh, pH and basin geometry. The chemical composition of 
the manganese ores varies widely between the environments. The variation of the chemical 
composition of the manganese ores in space and time can be attributed to a number of factors 
acting individually or in combination. The nature and amount of minor element concentration 
in manganese ores are broadly controlled by the total Fe and Mn contents (Calvert and Price, 
1977a). In the Al-Fe-Mn triad from continents, Mn always has the greatest tendency to 
migrate farthest into the basin of deposition owing to its mobility. High atmospheric CO2 
during Precambrian and Lower pH of surface water facilitated the migration of the triad as a 
whole and manganese was shifted more to the pelagic parts of the basin. With the decrease in 
CO2 content and the increase in pH of the surface water, the deposition of the triad shifted to 
shore towards the end of phanerozoic. The solution migration and deposition of the 
manganese gradually declined from the Precambrian to present owing to the decrease of the 
CO2 in the atmosphere (Strakhov, 1969). The formation of the manganese ores and the ores of 
entire Al- Fc-Mn triad was much more extensive in the Precambrian than in the later 
geological periods (Strakhov, 1969). The deposition or growth of manganese minerals is a 
function of parameters like Eh and Ph saturation of the elements etc and varies between 
environments such as deep sea and shelf environment. Cronan (1976) pointed out that in 
pacific, the Mn ores show a greater increase in manganese content in areas of relatively low 
sedimentation than in sectors of rapid biogenic and terrigenous sedimentation rates and as 
such diagenetic controls on manganese ores composition is of much less importance outside 
the continental borderland and the equatorial zones of pacific. Calvert et al (1978) concluded 
that both hydrogenous and diagenetic contributions to nodule genesis are evident in the 
pacific in all scales. Calvert and Price (1970) suggested that the post depositional migration 
milieu of rapidly accumulating biogenous sediment, though Piper and Williamson (1977) and 
Calvert et al (1978) established that abyssal nodules with high Mn/Fe ratio occur in the areas 
of slow sedimentation rate. Calvert et al (1978) further observed that there are two types of 
diagenetic Mn and Fe deposists, one is formed at fast and the other at slow rates of sediment 
accumulation and this is reflected in systematic variation in their composition in a given area. 
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The geochemical characteristics of the manganese ores of Vizianagram are also discussed in 
Siddiquie and Raza (1990) and Siddiquie and Bhat (2010). 
5.3 Major elements of the selected manganese ore samples 
The major elements were studied for quantitative estimation, inter-elemental 
correlation and genetic interpretation of the manganese ores and their host rocks in the study 
area. The analytically detemiined weight percentage of major and minor elements of the 
Vizianagram manganese ores show a sharp quantitative variation between the two types of ores 
;, e the primary or metamorphosed ores (samples 1 -6) and the secondry or supergene ores or 
higher oxides of manganese (samples 7-30) as seen in tables 8. The report on a total of thirty 
ore samples from the six blocks of district Vizianagram, (A.P) show higher values of Si, Al, Fe, 
Na, Mg and K in the primaiy manganese ores while as the higher values of Mn, P, Ca, Ti and 
Ba are seen in the secondry manganese ores as shown in tables 11-13 and figures 5.6-5.9. The 
distribution pattern of minor elements like K2O, Na20, MgO, CaO, BaO and Ti02 and P2O5 in 
Vizianagram manganese ores vary in their concentration within limited range (Tables 10, 11 
and 12). The overall ores show higher concentration of potassium, but average Na20, CaO, 
MgO, BaO and Ti02 goes around 1% as seen in tables 10-12 and figure 5.6. 
The manganese ores are chemically characterized as inhomogenous, siliceous, 
fcrrugenous and carbonaceous components but manganese seems to be the principal constituent 
of the manganese ores in the study area and seems to have attained its high concentration as a 
result of fractionation and separation during diagenesis from the other rock and ore forming 
elements during process of weathering, transport, deposition, diagenesis and metamorphism 
and the later supergene process in an overall geochemical system of manganese rich sediments. 
The ores show significant variation in chemical composition especially with respect to Si, Mn, 
Fe and Al among major elements. The Ti, Al and Mg contents are comparable with the 
respective values in the kliondalites. Moreover, the higher Si and lower Mn contents in the ore, 
the closer is its composition to that of the associated calc-granulites. Almost all the analyzed 
samples show wide variation in Mn02 and Fe203 values (Table 10-12) and figures 5.5-5.7. In 
other words, the oxide ores show a dominance of Mn over Fe. The average Mn/Fe ratio in 
thirty ore samples are 4.10. It can be said that Vizianagram, Mn-oxide ores contain far lower 
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Mn/Fe ratios than those of hydrotheiTnal and sedimentary exhalative deposits but are similar to 
those found in basin margin shallow-water sediments. The mineral composition and the grade 
of the ore is mainly a function of the distribution of Mn, Si and Fe while the occurrence of the 
other elements is mainly mirrored in the development of subordinate and accessory phases. The 
enrichment of the ore mhierals like pyrolusitc, psilomelane is a trend of increasing grade of the 
ores accompanied with the decrease in silica content (Table 9 and figure 5.5). The average 
Mn/Fe ratio in these samples are 1.2 and 3.8 in the primary and secondry manganese ores 
respectively. In the Vizianagram manganese oxide ores (both in primary and secondry ore) iron 
and manganese are characteristically fractionated, producing high Mn/Fe ratios. The inter 
elemental congelations between the major elements of the Present manganese ores reveal the 
presence of strong positive correlations between Si-Al, Si-Li, Mn-Ca, Mn-Ni, Al-Li, Mn-Pb, 
Mn-Fe as shown in Figure 5.15-5.17. The Si, Mn, Fe and Al contents are determined as the 
dominant phase of a given sample (Figure 5.9a-b). Higher oxides like pyrolusite and 
psiolmelane and cryptomelne gradually decline with the increase of silica, iron and alumina 
content in Mn-siiicates and Mn-silicate-carbonate ores and with the appearance of the minerals 
like quartz, pyroxene, olivine, garnet, scapolite in calc-granulites, garnet sillimanite gneiss, 
quartzite are apparent. At the same time, some ore samples with assemblages of rhodochrosite-
pyroxmangite and rhodochrosite-pyroxmangitc-quartz ores (specifically primary ores) contain 
high lithic admixture (Ti and Al). FeT varies from 21.23 - 31.79 and 11.08 - 32.96 wt% in 
primary and secondly manganese ores respectively. The ores show some similarity with the 
sedimentary-diagenetic manganese ores (Table 15). Moderate amounts of CaO in primary 
manganese ores suggest carbonate precursor while the higher Ca values in secondry manganese 
ores also reveals leaching and the subsequent coating on other minerals. Higher content of Si in 
most of the primary manganese ore samples may be attributed to the higher braunite content in 
the deeper stratiform/'primary manganese ores of the study area. The K2O content on an 
average varies from 2.10 to 1.84 wt% in primary and secondry manganese ores are attributed to 
cryptomelane and some phyllosilicates present in these ores. Moderate amounts of terrigenous 
constituents (AI2O3 and TiOi) also present in the ores indicating the mixed source to the 
metallic components of the ore. 
In the studied ores neither Fe and Sr, nor AI2O3 and MnOi, vary systematically. Some samples 
are Fe rich, while others are Mn-rich, the fractionation of the two elements is strong. In terms 
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of the major element composition, the primaiy manganese ores are close to the calc-granulites 
except for the lesser Mn content of around 2 wt% and higher Si content of around 40 wt% in 
the calc-granulites. The distribution of all the important major elements of both primary and 
secondry manganese ores of Vizianagram is detailed in table 9. The Ti, Al, Fe, Ca and Mg 
contents are comparable with the respective values in silicates. The concentration range of each 
of these elements in the ores of the study area is approaching to that in calc-granulites but is far 
different from the other members of khondalites. Moreover, the higher Si and lower Mn 
contents in the ore, the closer is its composition to the calc-granulites and shale. The major and 
trace element content is characterized by the enrichment of variable valance and other biophile 
elements, such as Mn. In terms of lithological-petrochemical modules, the main body of the 
oxide-carbonate-silicate ores (samples 1-6) is related to the precipitation in the shelf zone 
markedly enriched in hydrothemial, lithic and biogenic components while as the sample 7-30 
are secondry manganese ores and are the products of supergene enrichment. For the recognition 
of genesis of the Vizianagram, Mn-oxide ores , several discrimination diagrams and ternary 
plots (Figures 5.10- 5.16) have been used in the present work to understand the genesis of the 
ores and the geochemical and other possible environmental factors in the system. The present 
ore deposits show a varied geochemical nature and have not been assigned to a particular 
genetic environment satisfactorily till date except for the general metasedimentary origin from 
the manganese bearing meta-sediments of shallow shelf environment (Roy, 2000). Diagnostic 
elemental assemblages of major, minor and trace metals were used in distinguishing 
manganese deposits fonned under different geological environments. 
5.3.1 Silica 
The average weight percentage of SiO^ in the primary ores of the present study area 
is 16.71% while as it is 5.35wt% in secondry manganese respectively (Tables 18).. The 
primary manganese ore samples (1-6) have comparatively high silica content in the primary 
manganese ores as the secondry manganese ores and that of other deposits from the world 
(Table 15). The higher values of si in the primaiy ores than the secondry ores is evident in the 
figures 5.1a and 5.2a respectively. Similar results were also reported by Siddiquie and Raza 
(1990), Siddiquie and Raza (2008), Siddiquie and Bhat (2008, 2010) from the study area. This 
higher weight percentage can be attributed to the dominance of lower oxides of manganese or 
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the manganese silicates especially braunite having the chemical formulae SMnsOi. MnSiOs 
corresponding to approximately 16 wt% Si02. Silica in the present manganese ores are 
attributed to sacroidal quartz in the second^ manganese but is largely contributed by chert 
and clay minerals (almunium silicates) in the primary ores. Si shows positive correlation of 
with Al (r = 0.98); Li (0.87), while as it shows negative correlation with Mn, Ca, Ni and Pb as 
seen in table 9-10 and Figure 5.17. In Si-Al diagram (Figure 5.13) of Peters (1988), the ore 
samples also fall in both hydrogenous and detrital-diagenetic field. Among the rock types the 
highest silica content is found in the coarse grained quartzite followed by other khondalite 
members of the terrain. Higher silica content in primary manganese ores can be ascribed to 
abundant braunite content as a result of syngenetic ore formation prior to the metamorphism. 
The gradual decrease in the silica content from the associated khondalites to the calc-
granulites, shale and the primary and secondry manganese ores leads to an assessment of 
gradual changes in the physicochemical conditions and geometry of the basin favour ing the 
deposition of Mn- rich sediments with the declined supply of silica and almunium . The Si/Al 
and MnO/FeT plot of the present manganese ores agrees well with the Precambrian Figure in 
the Si/Al and MnO/FeT versus time trend of manganese of Maynard (2010). 
5.3.2 Manganese 
The average weight percentage of MnO in the studied ore samples from 
Vizianagram are 32.58 wt% and 57.66 wt% in the primary; in situ and secondry or 
remobilized ores respectively. Lower values of MnO are seen in primary manganese ores 
while as the secondry manganese ores show high manganese values (Table 8 and figure 5.1c 
and 5.2d) and may be attributed to supergene enrichment of the primary ores. According to 
Canfield et al (1993) adsorption of Mn""" and Fe^ ^ onto Mn and Fe oxides can significantly 
reduce the concentration of Mn^^  and Fe"^ especially in sediments where adsorbed species 
become oxidized in contact with oxygen and recycled iron oxides with free adsorption sites 
are rapidly re-available. This mechanism may be accounted for the flocculation of Fe-Mn 
hydroxides leading to the formation of the manganiferous sedimentary protolith for the 
primary ores. The negative con-elation of Mn with Si-Al-Ti-Fe and Cu in the primary and 
secondry manganese ores (Tables 9-10) as seen in figure 5.16 dominantly reflects the clastic 
contribution of the these elements excluding Mn itself during the manganese mineralization. 
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Negative con-elation of Mn with Fe can also be ascribed to tiie post fractionation supergene 
enrichment of the Vizianagram, ores. Mn also shows positive correlation with Ba and Ni in 
the secondry manganese ores (Tables 9-10) indicating the distinction of the two geochemical 
systems. The adsorption of Ni and Li like traces by manganese minerals or their 
manganophilic tendency can be understood from the trace element correlations. 
Mn rich and Fe poor compositional similarity of the Vizianagram manganese ores to 
some shallow sea/shelf deposits (Hams and Troup, 1969; Cronan and Thomas, 1972; 
Callender and Bower, 1976). The Mn/Fe ratio varies with the type of the ores (;, e 
primary/concordant or secondry/discordant) as seen in table 14. The lower Mn/Fe values are 
recorded in the primary manganese ores especially in the samples with higher vredenburgite 
and jacobsite contents (sample 5) as seen in table 14. The Mn/Fe value sharply increases in 
the secondry or supergene ore. Iron and manganese seems to be fractioned producing much 
lower Mn/Fe ratios as compared to hydrothermal and sedimentary exhalative (Choi and 
Hariya, 1992) but are similar to that of shallow water shelf deposits with similarity of the 
other continental ore deposits (Gultekin, 1998, Mohapatra et al, 2009). 
5.3.3 Iron 
The overall ore is generally Mn rich and Fe poor with high values of Mn/Fe (Figure 
5.6 and Table 14) which coiTesponds to the general characteristics of the older sedimentary 
ore deposits of the Archaean age having higher values of Mn/Fe indicating the efficient 
mechanism of separation of Mn and Fe. Significant values of Fe is attributed to the higher 
content of jacobsite and bixbyite contents in the primary manganese ores (samples 1-6) as 
well as the phases like magnetite, jacobsite, vredenburgite and hausmannite. ~ FeT shows a 
positive con-elation with P2O5, Mo, Zn and Zr (Figures 5.15-5.18) in the present manganese 
ores but Mn is negatively con-elated with Si (Tables 9-10)) but its insignificant relation with 
P2O5 and V suggests varied sources of Fe and Mn rather than a common source. Dominant 
iron species in sea water include Fe (0H)3, Fe (OH): and Fe (HS)03 as stable aqueous species 
under reducing conditions while as goethite (FeOOH), maghemite (Fe203) and magnetite 
(Fe304) appear to be the stable solid phases in marine conditions (Bruland, 1983) and might 
have been formed with the manganiferous sedimentary protolith with the manganese in the 
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initial stages. These species of Fe are the probable source of Fe for the manganese ores of 
hydrogenous manganese ores as well as the feiTugenous khondalites in Vizianagram. Iron a 
characteristic element of the hydrothermal influx and its major portion in the sediments of 
marginal seas occurs in terrigenous clay minerals (smectites, chlorites and Fe-hydromicas). In 
addition, it is concentrated in the detrital material formed at the expense of destruction of 
ferrugenous rocks. The direct hydrothermal influx for Fe in the present manganese ores seems 
less significant as compared to terrigenous supply from the ferrugenous host rocks. Rozenson 
and Heller-Kallai (1976a) showed that the potential of repeated reduction and oxidation of Fe 
within silicates with the aid of chemical agents which could be the possible reason of the 
highly variable content of Fe in the present manganese ores and their host rocks. Varied forms 
of Fe in the manganese ores of almost all samples in the form of maghemite, magnetite, 
vredenburgite and jacobsite, haematite etc can be attributed to the highly reactive character of 
Fe. According to Canfield et al (1992) sedimentary iron can be regarded as reactive fi"om two 
perspectives, the bio-available fraction consisting of iron oxy-hydroxide (FeOOH H2O: 
poorly crystallized, easily reducible) and iron oxides (goethite, haematite, magnetite: well 
crystallized, only soluble by strong reducing agents). Iron phases like iron oxy-hydroxide, 
iron oxides and iron-containing silicates are too reactive (Canfield et al (1992). Kostka et al 
(1996) discovered experimentally the microbial Fe (+III) reduction within steatite 
(tenigenous clay mineral) which was postulated before by Lyle (1983) which can be 
accounted as the iron components of original sedimentary protolith and the resulting mineral 
phases in the present manganese ores rather than the biogenous fracfion. According to Usui 
(1979) and Usui et al (1986), hydrous Fe free manganese minerals precipitate as manganese 
(Mn )^ mineral after the oxidation of dissolved Mn"*^  from the interstitial water of 
unconsolidated surface sediments in the course of early diagenesis of the sediments and the 
minor essential elements (Cu, Ni, Zn are subsequently incorporated between the sheet 
structure by Ion exchange, lii Mn-Fe- (Co+Ni+Cu) xlO ternary diagram (Figure 5.12) of 
(Bonatti et al, 1972 and Crerar et al, 1982), all samples fall in detrital-hydrogenous field. 
Since Mn shows negative correlation with the trace elements like Li and Zr (Figures 5.16-
5.17) but there is positive coirelation of Fe with Co and V (Tables 9-10) pointing to the 
ferrophilic nature of V and Co rather than their manganophiiiic. Bums and Brown (1972) 
suggested similar tendencies in hydrogenous manganese minerals as observed in the present 
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manganese ores suggesting hydrogenous environment. Interestingly, increase in the Mn/Fe 
value during diagenesis of the most Mn ore deposits and later supergene enrichment promotes 
increase in the contents of microelements like Ni, Cu, Co and Li of the manganese group and 
decrease in contents of elements of the iron group such as V and Co as evident by the inter-
elemental correlation (Tables 9-10). These inverse correlations observed between different 
elements in the manganese ore samples of the study area indicate independent mechanism of 
source and introduction of them into primary manganese ores during their formation. The Fe-
Si-Mn ternary diagram of Toth (1980) shows that all the present ore samples fall away from 
the typical hydrothermal field (Figure 5.10) indicating that Mn and Fe are not entirely the 
immediate hydrotheiTnal input as in the case of deep marine hydrothermal manganese ores. 
The present manganese ores also reveal independent manganese oxide 
formation as well as the different precipitation of the major manganese and some iron 
minerals especially in the primary ores unlike the fen-omanganese nodules of the deep sea 
which are dominantly ferrugenous in composition. This aspect may be attributed to the 
different flocculation properties dependent on the salinity (Krom and Sholkovitz, 1978 
and Balachandran et al, 2005) where Fe precipitates at low salmity (< 20), whereas Mn 
require salinity >20 for its preciphation (Balachandran el al, 2006). In the light of these 
facts the salinity of the then basin was probably fluctuating. In the modem basins it is 
well established that both near field and far field dispersal of manganese from the mid-
oceanic ridge hydrothermal field's takes place through buoyant plumes caught up by 
ocean currents (Klinkhammer and Hudson, 1986). Dissolved Mn"^ accumulates in the 
anoxic water and migrates by vertical advection-diffusion to the redox interface (Spencer 
and Brewer, 1971) and on reaching maximum concentration of 500 ppb close to the 
interface above, the oxy-hydroxide particulates formed by the oxidation of Mn ^ sinks 
back to the anoxic water and re-dissolved there forming stratified water columns (Jacobs 
and Emerson, 1982 and, 1987; De Bar et al, 1988 and Jacobs et al, 1985). However, 
where the redoxcline impinges on sediment surface in the shelf zone these Mn-oxy 
hydroxides get precipitated and retained (Dubinin and Volkov, 1986). Mixing of fresh 
water and sea water can generate rapid changes in Eh, pH, salinity and trace element 
concentrations. Superimposed on this variability are the biological processes acting on 
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time scales of seconds to days (Hedges and Keil, 1999). Hence, it is difficult to attribute 
the exact origins, pathways and fate of these elements and oxides in the shelf 
environment. Archaean and Early Proterozoic ages mark vigorous hydrothermal activity 
as suggested by Holland (1984) with the associated anoxic deep-ocean as the repository 
of hydrothennal manganese that was carried in solution. Teri'estrial supply of manganese 
by weathering and leaching of manganese by organic acids produced by decomposed 
vegetation in humid tropical climates was also suggested by (Nicholson, 1982; Crerar et 
al (1978), thus both continental and oceanic managanese are the probable sources for the 
present manganese ores (Figure 7.1). 
5.3.4 Almunium 
The average weight percentage of AI2O3 in the primary and secondry ores are 12.89 
and 5.74 Wt% in the primary and secondry ores respectively (Table 13). The higher values of 
Al in the primary ores than secondry ores (Figures 5.1b and 5.2b) is due to higher amount of 
alumiosilicates in the primary ores. The dominant phases of a given sample in the present 
manganese ores are the Si-Al-Mn (Figure 5.5a) which determines their grade and nature. The 
average wt% and variation of Al in all the thirty manganese ore samples are shown in figure 
5.5, showing a clear distinction of the primal^ and secondry ores on the basis of Si-Al-Mn as 
a dominant phase. The bar charts variation diagram (Figure 5.5a-b and 5.9a) shows more 
variation of Al concentarion in the seconday ores than the primary ores indicating a diverse 
mineralogy of the later. Al shows positive correlation with Si and Fe (Figures 5.14a &h). The 
positive coiTelation of Al with Si, Fe is attributed to the presence of feldspars in association 
with the primary ore minerals. While as it shows negative correlation with Mn and Zr (Tables 
9-10) indicating the ferrugenous affinity and its supply by the host rocks and their 
contemporaneous uptake in the primary manganese ore mineral formation. Si and Al mutually 
correlated seems to vary independently in most of the samples. Kj'ishna Rao (1960) and 
Siddiquie and Bhat (2010) also reported high values of Al in the manganese ores of the study 
area. Almunium has been used as an important element in determining the genetic 
environment of the managanese ores by many workers Peters (1988) and Choi and Hariya 
(1992) especially for the sedimentary manganese ores. As the Mn/Al ratio increase 
contemporaneously from the host rocks to secondly ore, the Al/ (Al + Fe) ratio in the primary 
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manganese ores virtually remains the same. The combined Al-Fe-Mn diagram (Figure 5.11) 
of the primary and secondry manganese ores illustrates the geochernical contrast of the two 
types of ores (Al and Fe concentration in the primary ores while as the higher Mn 
concentration in the secondry ores). The Si-Al discrimination diagram (Peters, 1988) as seen 
in figure 5.13 and the ternary plot showing the Mn-Fc-Al temaiy plot (Choi and Hariya, 1992) 
seen in figure 5.11 suggests the sedimentary and hydrogenous genetic environment for the 
present manganese ores. The various negative correlations of Al and different trace elements 
like Ni, Cu and Pb are showsn in figure 5.16. Most of alumina content is contributed by the 
almunium silicate phase especiallly kaolinite and or Mn-oxyhydroxides like lithiophorite. 
The average percentage of almunium is 12.89% and 5.74 wt% in primary and secondry 
manganese ores respectively which is attributed to the presence or dearth of almunium 
silicates (spessartite, rhodonite and feldspar etc.) in the respective ores types. The main Al-
silicate minerals observed in the host khondalites include biotite, plagioclase, garnet, 
scapolite, wollastonite etc. The decrease in the Si content in case of manganese ores seems 
apparently balanced by the increase in the Al, Fe and Mn contents and primary manganese 
ores indicating the changes in the physico-chemical conditions associated with increased input 
of Mn, Al and Fe as indicated by the interelemental correlations (Figure 5.15 and Tables 14-
15). Al like in the present work has also been reported as abnormally high in the manganese 
ores of the study area by Ki'ishna Rao (1956a), Mohapatra, et al (2005), Siddiquie and Raza 
(2008), Siddiquie and Bhat (2010) in the continental manganese ores of India and by Giiltekin 
(1998) from different continental manganese ores. The Al content is almost three and half 
times higher, while as the Fe content is two times higher in the primary manganese ores as 
compared to secondly manganese ores indicating that the deposition of the manganese rich 
sediments were accompanied by the differentiation of Mn and Fe and the enhanced supply of 
terrigenous material. Also it can be interpreted that the Al incorporation is enhanced by the 
base metal cooperation as the Af'^  for Mn"*"" with charge neutralization by bivalent base metal 
ions (Crerar et al, 1982). Al and Ti concentrations in the ores may also be used for genetic 
assessment in the similar way as Mn and Fe. Concentrations of Al and Ti are high in the 
khondalite and behave similarly during the manganese ores genesis while their high 
concentrations are indicative of sedimentary contribution Crerar et al (1982) and Choi and 
Hariya (1990, 1992). 
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5.3.5 Titanium 
The Ti02 content of primaiy manganese ores are the same as in the calc-granulites 
while increases in the secondly manganese ores and may be attributed to the enhanced 
terrigenous contribution thorough leaching with the evolution of the manganese ores of 
Vizianagram with time. The average wt% of Ti is 1.97 in a total of thirty samples which is 
almost similar to the values reported by authors like Siddiquie and Raza (1990) Siddiquie 
(2004) and Mohapatra et al (2009), from the manganese ores of the region. .Almost similar 
values of Ti have also been reported by Giiltekin (1998) from the manganese ores of 
Turkey. Higher amounts of Ti were recorded in the secondry ore samples (samples 7-30) 
as compared to the primaiy manganese ore samples of the present ore samples. Ti content 
of the Mn ore is quite different from the khondaliles except calc-granulites revealing some 
genetic relationship between calc-granulites and the ores revealing the terrigenous input. 
The positive correlation between Ti-Cu (Figure 5.19a) in the ores suggests their co-supply 
as terrigenous input and the leaching especially in case of the secondry manganese ores 
confined to the meteoric or weathering zone. On the other hand (Al + Ti) - (Fe + Mn) 
diagram shows that the ores especially the primary manganese ores are enriched in the 
manganese and Iron as well as the lithic components relative to calc-granulite (Figure 34). 
The ganguc minerals of the manganese ores are the most suitable carriers of Ti and may be 
accounted as cause of higher titanium values in the primary manganese ores as compared 
to the primary manganese ores dominantly formed under diagenetic and metamorphic 
conditions. 
5.3.6 Phosphorus 
The present manganese ores contain high phosphorus in comparison to other 
terrestrial manganese ore deposits e. g, Groote Eylandt, Australia (Varentsov, 1982, 1996); 
Islay, Argyllshire (Nicholson, 1988); Urkut, Hungaiy (Varenstov et al, 1988, 1996) North 
Kanara and Chiknayakanahalli Green stone belt of Kamataka, India (Machigad, 1990); 
Western Koira valley, Orissa, India (Mohapatra and Nayak, 2005a; Mohapatra, et al. 2009) 
and the other Indian manganese deposits. High phosphorus in the manganese ores of the 
area was also reported by Siddiquie and Raza (1990) and Siddiquie and Bhat (2010). The 
average value of P2O5 in six the primary manganese ore samples are 0.58% (Table 13) 
while as the average P2O5 contents of the thirty ore samples are 3.30 wt% suggesting 
higher values in the secondry ores. The P2O5 contents of the Garbham, Koduru and 
Garividi blocks is 2.15, 4.78 and 4.24 Wt% respectively wheras it is 4.25, 0.39 and 4.01 m 
Peramali, Salur and Chipurupalle blocks respectively indicating that the lowest values in 
the secondry manganese ores of Salur and Garbham blocks (Tables 11-12). P2O5 shows 
positive correlation with Fe (Figure 5.17c) but negative correlation with Mn and Na 
(Tables 9-10) revealing its feirophillic nature rather than manganophilic. Phosphorous 
content in the Vizianagram manganese ores has been a long debate (Siddiquie and Raza, 
1990; siddiquie 2001; Siddiquie and Bhat, 2010) and was generally attributed to apatite 
and spessartite in these ore.. In general iron-rich manganese samples contain high amounts 
of phosphorous (Acharya et ai, 1994a). A higher amount of phosphorus is probably linked 
with organic carbon and Fe-minerals of the precursor sediments. Phosphorous content is 
characteristically higher (upto several percent) in shallow sea deposits especially in 
stagnant waters like lakes. Also the association of Mn deposits with phosphorites has been 
recorded from oceanic plateaus, sea mounts, banks and shallow parts of the seas (Mc 
Farlin, 1966; Suramerhayes, 1967; Glasby and Summerhayes, 1975). The lake deposits 
also show a good correlation between Fe and P (Halbach, 1975; Halbach et al, 1981). In 
majority of the cases, Mn and Fe oxides generally occur as coatings on phosphorite 
nodules, slabs or crusts. Whereas in some cases Mn-oxides and phosphates are intergrown 
and rarely intcrlaminated and sometimes penetration of manganese oxides in phosphorites. 
According to the increased mobility in the zone of diagenesis, a distinct sequence of 
sediments of Fe-P and Mn is formed (Starkhov, 1969). It can be assumed that P probably 
occurs either as an amorphous feiric phosphate or it is absorbed by the hydrous oxides of 
Mn, the later may be the genuine cause for the higher concentration of P in the 
Vizianagarm manganese ores (Table 11-13). A high degree of correlation of P with Fe has 
been shown for the first time by Calvert and Price (1977a) from the shallower parts of 
pacific which points to the shallow shelf environment of the present ores. Phosphorous in 
the manganese ores of some adjoining areas has been attributed to apatite crystals 
associated with quartz, orthoclase and garnet or as collophane in the voids or adsorbed on 
goethite, cryptomelane, romanechite etc (Acharya et al (1994a, b). The original sediments 
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probably contained some amount of phosphorous Sivaprakash (1980) and Siddiquie (1998) 
and more phosphorous in the form of apatite appears to have been introduced into the 
manganese ores through granitic and pegmatitic activities (Rao, e? a/ (1981; Acharya et al 
(1994b and, 1997) proceeding the supergcne enrichment, which seems to the possible 
reason for the higher concentration of P in the primary manganese ores than secondly ore. 
High phosphorus being an indicative of shallow shelf to stagnant water environment is 
equally challenged by the granitic contribution. 
5.3.7 Barium 
BaO shows higher concentrations in all the ore samples with an average of 0.55 and 
0.59 (Table 13). The bar chart shows no abnormal values in the primary manganese ores 
(Figure 5.1j). Moderate variations are observed in some samples of the secondry manganese 
ores (Figure 5.5b) with no abnormality in the averages of the four samples from each of the 
six blocks of the study area (Tables 11-12). It is common to see positive correlations of Ba 
with Mn in continental/teirestrial and sedimentai7 hosts. In case of Vizianagram manganese 
ores there is a strong positive correlation between Ba and Mn (Figure 5.10). Barium 
concentrations in these manganese ores are manifolds higher than the typical hydrothermal 
and volcanogenic manganese ore deposits (Tables 15-16). In general the Ba content of fresh 
water deposits is higher than the marine but the low concentration of sulphides present in 
the fresh water prevents precipitation of barite, leaving Ba free for substitution in Mn-
minerals principally psilomelane. When the fresh water and sea water mix up barium 
precipitates easily as BaS04 and thus in freshwater sedimentation Sr/Ba <I while as in 
marine deposits it is >1 (Delian, 1994). According to Nicholson (1992), the positive 
correlation of Mn with Ca, Ba-Ni (Figure 5.16) reveals freshwater origin of the Vizianagram 
manganese ores. Higher wt% Ba in the secondry manganese ores of Vizianagram also 
agrees well with their supergene aheration similar to the findings of Nicholson (1992). 
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5.4 Alkali metals and alkaline earth metals of the selected manganese ores 
The concentration of the selected alkalies and alkali earth metals like Na, K 
and Li are expected to reveal the interaction between the manganese ores and the igneous 
intrusions in the area likewise the content of Ca and Mg would facilitate in evaluating the 
possible geochemical controls in the basin. The Na, K and Ca content of the manganese ores 
of Vizianagram is higher than the host rocks but there are much lower values of Mg in the 
present manganese ores (Table 13). Interms of alkalies and alkaline earth metals, present 
manganese ores compare well with the terrestrial manganese ore deposits as worked out by 
(Nicholson et al, 1997; Acharya and Nayak, 1998; Mohapatra and Nayak, 2005a and 2005b) 
the primary manganese ores (samples 1 -6) contrasts with the host rocks by lower K, Mg and 
Ca contents in the later. The Na^O content in the ore is four times higher as in the calc-
granulites. The genral trend shows that CaO dominates over K2O > Na20 > MgO is an 
important characteristic of present manganese ore. 
5.4.1 Sodium 
The average weight percentage of Na20 is 0.92 and 0.89 in primary and secondry 
manganese ores respectively while as it is lowest in calc-granulites (average = 0.07). Fermor 
(1909) reported invariably lower values of Na as compared to K in the manganese of the 
study area. Higher values of K than Na were also documented in Siddiquie and Raza (2008) 
from the study area. These values are far different from that of deep marine as well as that 
of the typical hydrothermal and volcanogenic deposits (Tables 15-16). Most of the 
manganese mineral phases as the carriers of Na and other alkalies include cryptomelane, 
psilomelane and hollandite (Siddiquie, 2004 and Siddiquie and Raza, 2008). Sodium shows 
positive correlation with Pb in primary manganese ores while as negative correlation with 
most other elements (Table 5.6). The average Na/Mg values of the thirty ore samples of 
Vizianagram, ore is 2.48. The Na-Mg discrimination diagram (Figure 5.14), shows the 
shallow shelf water genesis of the manganese ores, district Vizianagram, (A.P).The average 
oxide ratios of ICNa and Mn/Na of thirty samples are shown in Table 14 In general 
transition metal ions favour octahedral sites in oxide structures following crystal field 
stabilization energies and ratio criterion. Transition metals show diverse behaviour in 
different manganese ores of varied mineral assemblages generally higher in the present ores. 
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The occupying site sites of such elements with higher coordination numbers like the cavities 
in the hollandite and psilomelane structures host larger cations e, g K ,^ Ba^, Pb^^ Ca^ ^ 
(Burns and Burns, 1975 and 1978) in the high redox potential areas. 
5.4.2 Potassium 
Potassium varies from 1.39 to 3.85 in a total of thirty samples from Vizianagram, 
with an average value of 1.89. In secondry manganese ores especially the cryptomelane rich 
ores there are higher values of K as compared to the primary manganese ore samples. In 
these ores K2O shows positive correlation with Zn. K2O also shows positive correlation with 
AI2O3 and SIOT in the studied ore samples which can be attributed to mixing of the 
dominant silicate and micaceous mineral phases of the manganiferous sedimentary protolith 
of the ore. Intrusions that could generate such fluids are possibly the felsic chamockites 
found in the terrain. Although the ore deposit is localized away from the contacts of such 
intrusions but could serve as a conduit for the solutions. Moreover, no alkaline 
mineralization is observed near the faults throughout the district. Therefore, it is most likely 
that the elevated K, Na, Ca and Mg contents in the Mn-bearing rocks reflect the 
geochemical conditions associated with the original sedimentation. It was shown in 
(Novikov, 1996; Novikov and Baturin, 1997; Novikov and Murdmaa, 2007; Novikov et al 
(1995, 2006) that exchange reactions between metal cations (Na\ K\ Ca^ "^ , Mg^^ and Mn^*' 
in ore minerals of fen'omanganese rocks and metal cations (Cu" ,^ C 0"*, Ni^ * and others) in 
solutions yield cationic forms of these minerals (Cu-Co- Ni-rich species and others) 
observed in the present work. Similar geochemical behaviour is reported from the gonditic 
manganese ores of Madhya Pradesh and Maharashtra, India (Mookherji, 1961), Nishikhal 
manganese ores (Mohapatra et al, 2005, 2009) from the Eastern Ghats belt pointing to the 
similarity in the genesis of the ore. The alkalies and alkaline earth metals of the manganese 
ores compare well with the terrestrial manganese ore deposits in many parts of the world 
(Tables 15-16). 
5.4.3 Calcium 
The average wt% age of Ca in the primary manganese ores are 0.43 while as it is 
3.30 Wt% in the secondly ore samples. Low Ca content in the secondry manganese ores 
suggests leaching of the primary manganese ores in the percolation zone of the deposits. 
Positive correlation of Mn and Ca in primary manganese ores suggests substitution of Ca for 
Mn ions in the water column during manganese mineralization. Higher values of Ca of 2.40 
wt% were also reported from the manganese ores of hydrothermal-hydrogenous origin and 
Hydrothennal-sedimentaiy origin of Eymir, Turkey (Oksiiz, 2011) as detailed in table 15. 
Manganese is substituted by Ca in manganese ore minerals (Deer et al (1963). The other 
possible source of Ca for the manganese ores could be the calcareous limestone precursor of 
the shelf environment. Ca shows almost a stable pattern of distribution in secondry ores than 
in the primary ores (Figures 5.1h, 5.3d and 5.7). According to Cretar et al (1982) the positive 
correlation of Mn with Ca but negative coiTelation with Fe (Figure 5.20 and tables 9-10) 
suggests early diagenesis and the carbonate replacement of hausmannite and rhodochrosite 
like phases which is evident in the mineralogical manifestation of the manganese ores of 
Vizianagram. Calcium is incorporated from precipitation stage to supergene stage by various 
processes as is evident in mineral phases and geochemical data of primary manganese ores as 
well the highly altered supergene ore. Higher concentration of K ,^ Ba^ and Ca^^ as observed 
in the manganese ores of Vizianagram suggests high redox potential (Bums and Bums, 1977) 
pointing to the existence of the rcdoxcline at the time of precipitation of the oxide ore. The 
stable pattern of distribution for Ca in the secondry ores (Figure 5.7a-b) than that of primary 
ores suggests a geochemical contrast in the genetic environment and the protolith. 
5.4.4 Magnesium 
The average value of MgO in Vizianagram is 0.59 in a total of thirty samples. The 
histograms of Mg in the primary and secondry ores are shown in Figures 5.1g and 5.3d 
respectively. The higher values of Ca/Mg are observed in primary ores than in secondry ores 
(Table 14). The stable pattern of distribution for Mg in both th the primary and secondry ores 
(Figure 5.7a-b) is observed suggesting almost a constant magnessian input. Mg shows 
positive correlation with Na, K, Co and Sr (Figure 5.20). All these confirmations along with 
the lower values of Mg as 0.60 wt% in primary ores and 0.59 wt% in secondry (Table 14) 
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than other alkalies and alkaline earth metals in the manganese ores of Vizianagram are far 
different from typical hydrothermal deposits of Wakasa, Japan and typical volcano -
sedimentary Mn ores of Cayirli and Kasimaga, Turkey but are almost analogous with the 
hydrogenous-hydrothcmal manganese ores of Eymir, Turkey as detailed in table 15-16. 
According to Alibert and Mc Culloch (1993), Mn precipitates may also scavenge MgO and 
other trace elements in direct proportion to their concentration in sea water. According to 
Deer et al (1963) Mg can be substituted for Al''^  in manganese ores and hence a possible 
incorporation as observed in the present study. The relationships between oxides deposited in 
the fresh water, shallow-marine and marine environments can be distinguished in Na-Mg 
discrimination diagram (Figure 5.14). This diagram also reveals whether there is a 
hydrothermal metal discharge into sedimentation environment. In this diagram , the 
Vizianagram manganese oxides mainly fall in the area for shallow marine depositional 
environment. Diagnostic plots of Na versus Mg discrimination diagram of Nicholson (1988) 
for the Vizianagram, samples (Figure 5.14) fall in the shallow shelf- fresh water field and 
away from the deep marine field supporting the shelf environment genesis of Vizianagram 
manganese ore. The high concentrations of alkali and alkaline eailh chemical elements in the 
present manganese ores may be due to pause in crystallization of epidote and alkali feldspars 
in the sedimentary protolith with the onset of manganese mineralization. The manganese 
oxides were probably deposited from low saline waters and their mixing with the sediments 
promoted the crystallization of manganese silicates including pyroxenes and calcite at the 
stage of metagenesis. Similar mineral species precipitated in water basins and deposited in 
zones of weathering and oxidation zones of base metal deposits are commonly enriched in 
Na, K and Ca (Chukhrov et al (1989) revealing similar geochemicai mechanisms involved in 
their incorporation. The geological set up of Vizianagram manganese ore deposit suggests 
probable input of Na, Ca and Mg from igneous sources by the interaction of the ore deposits 
with alkali-metal solutions in the form of charnokitic intrusions found in Chipurupalle and 
Razam areas of the district. 
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Figure 5.1 Bar charts showing the weight percentage of (a) SiO: (b) AI2O3 (c) MnO (d) 
FeO (e) Fe203 (i) Ti02 (g) P2O5 (h) CaO (i) MgO 0) K2O and (k) Na20 and 
(I) H2O in the primary ores (1-3) from Bangaruvalasa and (4-6) from 
Garividi block,Vizianagram,(A.P). 
*Samples 1-6: Primary managnese ores from Garhhcim(l-3). and Sadanandaptiram(3-6) blocks: district 
Vizianagram, (A.P). 
119 
15 
10 
il 11 llil i l l j LLLI^^^ 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
(a) I 
20 
^10 
AI2O3 
. LI 1 M JLI J J I I I i\ J I - • 1^ I I 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
30 
20 
10 
0 ^  
M 
FeO 
llUliUliUIUlJiuUll 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
(c) 
MnO 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
(d) 
Figure 5.2 Bar charts showing the (a) Si02 (b) AI2O3 (c) FeT and (d) MnO in the 
secondry manganese ores, district Vizianagram, (A.P). 
*Samples 7-30: Secondry manganese ores samples from Garividi (7-11) Garbhamf 12-16) Chipurupalle (16-20), 
Salur (20-25)and Bangaruvalasa (25-30)blocks, district, Vizianagram, (A.P). 
120 
15 -, 
% 5 
0 + * -1 I J L L A LJLJ^J t • • 1J 11 \ \ 
FejOj 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
(a) 
TiO, 
g 4 \ 
V iJ l I I I IJ J IJ I I I • 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
(b) 
10 P2O5 
I' 
I 
11 u I lllj IJ 111 liUI^ ^ 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
(C) 
1.50 
g 1.00 H 
^ 0.50 
0.00 I I i l l 1 1 . 1 . II I I I I • I I 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
CaO 
(d) 
Figure 5.3 Bar charts showing the (a) FeiOs, (b) Ti02 (c) P2O5 and (d) CaO in the secondary 
manganese ores, district Vizianagram, (A.P). 
Samples 7-30: Secondary manganese ores samples from Garividi (7-11) Garbham(l2-16) Chipurupalle (16-20). 
Saliir (20-25) andBangaruvalasa (25-30) blocks, district, Vizianagram. (A.P). 
121 
^ 1 
^ 1 
0 
2 , MgO 
I I I I I I I . 1 .1 I I J I I • J. i X l I I I i 
I 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 I 
I (a) 
L ____„^  . . . — . — i 
I 2 . BaO 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
2 -
n 
(b) 
NajO 
l l . - l . . . II . l l l l . l . l l l 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
(c) 
5 1 I 
4 
^ 3 
5 2 
1 
0 IllljIliJllUlUxlillll 
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
Figure 5.4 Bar chart showing the wt% of (a) MgO, (b) BaO, (c) Na^O, and (d) K2O in 
the secondary manganese ores, district Vizianagram, (A.P). 
Samples 7-30: Secondary manganese ores samples from Garividi (7-11) Garbham(12-16) Chipurupalle 
<16-20), Salur (20-25) and Bangaruvalasa (25-30) blocks, district. Vizianagram, (A.P). 
CD 
2; 
^ 
^ Ci 
::; 
-; 0 
S" 
^ o 
K( 
<~n 
1 
^ 
=3-
-^. 
s, ^ 
^ o' 
R' 
S' 
c^  
15 
-^ 
^ 
Oo 
o 2 
•f_ 
<?" i^ 
XI 
f-^ 
5S 
^ 
o 3 
D 
2 
0 
s 
f t 
f t 
t^ 
c^  
a 
2 
^ TO" 
^ 
>5> o 
2 
a 
2 <' 
|1 
1 
• - ^ 
^^^ 
Q 
a 
Q -
a 
^ 
a 2 
• | _ 
<t" 
^ 
^^  1 
9^  
"0 
•>; 
2' 
a 
^ 2 
a 
re 
Co 
a 
o 
re 
2 
O. 
a 
a 2 
"i^  
u, 
a 
3 
a. On 
a 
Si. J2^ 
3 
a 3 
a. j i 
^ 
^ 
a 2 
X^  1 
^ 
1 ^ ^ 
3-
• 5 ' 
a 
I 
^ 
a 3 
a. 
cr w _•; 
—^- -—' 
c/D c r 
O O 
t o M 
> > 
t o K) 
o o ^jJ U ) 
&} p 
3 3 
2 2 3 3 
O O 
-~, _. 3 3 
i-f- r-t-
3- 3-
rs> n 
t o C/5 
f t l O 
n o 
o o 3 3 Q. D. 
v: v: 
3 3 
C2 C3 
3 3 CfQ cro 
p p 3 3 
0) n> 
I/) on fc n 
o o 
t n (/5 
" ^ 
a. a. 
EA' on' 
-! -! O O 
t—• r ^ 
< < 
N ' N | 
5' 5' 
3 3 
P P 
CTQ 
C 
n TO 
tn 
In 
CO 
P 
n 3-
P 
3 
P 
3 O. 
< 
P 
p ' 
» - f 
5' 
3 
a. 
p 
OQ 
^ P 
3 
on 
3" 
o 
^. 
5' 
CTQ 
i - f 
3^ 
m 
o 
o 3 
TJ 
P 
P 
< n 
t 
n 
crc 3 -
r-t-
"O ft> 
- 1 o 
m 
3 
wt% 
l-> NJ lO 4» Ul 01 ^ 
o o o o o o o o 
M 
U) 
o» 
•si 
00 
ID 
M 
U) 
(-» 
M 
Ul 
O 
N) 
fJJ 
tSJ 
Ul 
ro 
to 
00 
o ^1 
H. 
> 
H 
wt% 
i-» ro l o *> t n o i >J 
O O O O O O O O 
U) 
X^  H i 
Ln ! • 
cn • 
00 pM 
U3 I . 
o • 
ro • 
'-' U 
ro 
o 
ro 
ro 
ro 
to 
in 
ro 
(T) 
to 
•vl 
rvj 
CO 
to 
U) 
Ul 
O 
ro 1^  
< 
3 
o 
> 
ro U 
w 
V) 
d ro 
• ' 
>»^  
^ 
3 
O 
> 
ro 
O 
Ul 
{/t 
d ro 
Cn 
t^  
3 
'•T) 
< a 
o 
> i 
So 
K l 
'-n 
D 
3 
»s 
r> S 
-^  
o^  
^ 
Oo 
!0 
^ 
•M 
re 
^ 
X I 
U i 
C^ 
> (^  f ^ 
>• 
2 
3 
re 
>i 
re 
o 
re 
a 
* 13 
re 
Co 
> 
O 
S 
c,^  0 
>; 
< a. 
-^  M 
.^  
o, 
c 
Ca-
s -
io 
5 
^ t ^ 
..^  
3-
1 
i^  to 
^ 
• « 
<«! I « 
1 
^ 
:* r ^
 
2 
IS 3 
3 
re 
^. 
re 
o 
re 
o 
2 
C) 
i > 
3-0 
2 
^ 
3 
i i . 
i^  t l 
3 
Si 
a t 
=• 
2 
Ci 
1 
!> 
^ 
O 
C1 
r^  
-^  
I 
I 
a 
3 
a. 
9'» 3 
e 
bv 
^ ^ . ^ 
^ O " 
| > S 
2 , ^ CL 
-n 2. ^ 
uj :=» o 
p " OQ 
(jq J? £r P § n, 
S = c 
« ^ 3 
o Z; "^ 
:3 3 ^ 
M g 03 
CLOQ < • 
^ • § ! 
^. y -o 
ja ^ m 
§ s ^ 
•— CO 3 3 
• p 
crc 
• ^ 
> 
'-0 
0 
wt% 
NJ ^ 01 
0 0 0 
00 
0 
wt% 
h-k N) U) -t^ in CD VI 
0 0 0 0 0 0 0 0 
i^H^^^^^ 
00 
00 
IV) 
0 
/—>, 
o* S v ' 
1 
-n 
ro 
0 Ul 
H 
0) ^ 
0 2. 
^ 0 
00 
lO 
CO 
0 
y ^ ^ 
» ^—• 
s 
-n 
M 
0 U) 
• • 
0 2. 0 
Co i^ ^ 
cj a » 
3 3 5 
11 -i 
I 
C/; 2 
o 
5r- g. 2 
Ci 
S 
3 
re 
in 
TO 
O 
>! 
TO 
N' o 
3 TO 
3-
a 
^ TO" 2 
5 > U j 
\) 
a 1^ 
S. a. 
^ § 
a 
3 
i^ 
a 2 
a ^ g 
•i- '^  
3-
S 
I 
I 
I 
a 
3 
a. 
"? '^ 
N ^ ^ " - ^ - ^ 
22 
3 3 O O 
CO CO 
3 3 
D. CL 
n o CO CO 
O O 
o: 
<? OQ ^ 
O S 
= - c r Q 
:: o 
3" — a> 3 
r/i f * 
" > ^ a (T 
o -o 
3 -1 D. = • 
CO 3 
^ ^ 
i1 
3 ni 
0) O 
<T> 3 
O ^ 
n> , 1 
C/l ^ 
a . 3 
Cfi T 
2 OQ 
o g 
<^- 3 
< C/5 
— m N ^ 
r-- O CO - ! 
3 n 
5: I/) 
fW " 
•^  
(TQ 
C 
n 
ffi 
tft 
•-4 
CO 
o 
3 -
3. 
c/^  
r/i 
3 -
O 
i 
3 
OP 
3 -
fD 
o 
d 
T5 
CO 
• 1 
i^  
< ft) 
? 
n 
OQ 
3 -
(b 
o 
ft) 
3 
r-f-
to (fQ 
ft 
O 
£0 
5' 
3 
&3 
OQ 
•-t 
3 
> 
Wt% Wt% 
(-» ro OJ *> Ln ov vi 
o o o o o o o o o o 
en 
o 
00 
o 
U3 
to 
Ui 
1/1 
en 
00 
H 
o 
to 
to 
lo 
to 
to 
to 
VI 
to 
00 
00 
o 
• • 
\ /^v ; a* 1 "^ ^ "o 
n 
a; 
O 
^ 
o 
/—\ 
SB 
S 
o 
n 
tu 
O 
S 
3 
o 
t23 ^ t-0 
» » O 
141 
n 
t;: 2 
ct El 
*5 ^ 
a •« 
5 . Si. 
EL 5^ 
a 5 
2 
K 
a 
I 
C=3 
f 
I 
a 
Ei. 
(K) 
S 
« 
00 
^ CO 
3 £0 
ft 
-J . -^ 
§ 9: 
c« CTQ 
o i 
§ 3 
-1 O II 
g OQ 
^ 8 
D- o 
^' 3 
r-^  
f^ ' 5 
» 3 
TO P 
3 n) 
^ Q. 
• c 
r-f-
o' 
3 
O 
n 
so 
o 
p 
Wt% 
O M M OJ ^ 1/1 
>i »-» 
Ml 
7; Z <~) 
NJ O) 0) 
O NJ O 
O 
wt% 
M bJ -^ i/i 
M 
00 
ID 
M 
l-> 
U) 
l-> 
• ( ^ 
l-> 
l -> 
CTl 
0 0 
o 
4:> 
Ln 
KJ 
0 1 
NJ 
tVJ 
00 
NJ 
U3 
» 
7^  z n 
M o ) ! ! ) 
O NJ O 
o 
Ti * 
1 03 
!i;3 
<:r 73 
2: ?r 
O l/> 
Co U j 
S : -
~t re 
^' S 
^ o 
' 3 
— &. 
--: ,^ i i V 
1 2 
To J5 
• ^ >5 
^ S 5 ^ 
^ o 
C55 05 
1 
f ^ 
> I 
^ 
S 
C) 
^" 
S: 
^^  
^ 
o 
0 
S5 
S^  
• - - . 
1 
-£ 
n s -
•5 ' 
>! S 
t3 
C_ 
fS" 
0 \ 
L^> c^ 
• 
C/5 
g_ £; 
"^  
—V 
INJ 
C! 
f ' s j 
i? 
Ei. 
Cs: 
o 
^ sS 
^ !^  •S 
0 
c 
^ 
1 
UJ 
o 
'--^^ 
Q . 
c^' 
—t 
o' 
r - f 
< 
N ' 
S' 3 
s 
&3 
3 
y"^ 
> 
-a 
•^ 
CfO' 
c 
-i 
n 
(j\ 
vC 
^ 
^ 
^ 
< 
P 
^ S' 
* - f 
5' 
3 
a. 
S" 
CFQ 
&3 
3 
I/) 
[ / ) 
3 -
O 
^ . 
5 
(TQ 
r ^ 
3 -
X2 
c 
3 
s 
< 
< 
• 1 
^" 
o 
3 
O 
>-n 
3 
03 C : . 
o 
"^  
o 
51 
t/) 
^ ,^ 3 
C/l 
a> 
o 
o 
o 
o 3 
Cu 
m 
3 
p 
3 
OQ 
E 3 
n 75 
f t 
o 
on 
3 * 
Wt% 
O M NJ OJ 
' / 
u> 
H t l 
?^  2 DO 
NJ 0) 0) n 
Wt% 
l-> NJ U> 4^ 1/1 CD v l 
o o o o o o o o 
lO 
> ^ 
Hf'H 
jj, to O ^ ^ f^  "^  
U) 
O O M
OJ 
127 
Mn 
Figure 5.10 Fe-Mn-Si ternary plot (After; Toth, 1980) showing near hydrogenous 
diagentic origin of the managnese ores, district Vizianagram, (A.P). 
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Figure 5.11 Ternary plot showing the Mn-Fe-AI ternary plot (After; Choi and Hariya, 
1992) showing hydrogenous origin of the manganese ores, district 
Vizianagram, (A.P). 
•* Samples shown by red square symbols are primary ores while the blue square symbols indicate the 
secondary ore samples, detailed in table 9. 
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Figure 5.12 Fe-Mn-(Ni+Cu+Co)*10 ternary plot (After; Bonatti, et al., 1972) showing 
the detrital-hydrogenous origin of the manganese ores, district 
Vizianagram, (A.P). 
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Figure 5.13 Si-AI discrimination diagram (After; Peters 1988) showing the primary 
and secondry manganese ores, district Vizianagram, (A.P). 
* Samples shown by red square symbols are primary ores while the blue square symbols indicate the 
secondary ore samples, detailed in table 9. 
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Figure 5.14 Na-Mg discrimination diagram showing the shallow shelf 
water genesis of the manganese ores, district 
Vizianagram, (A.P). 
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Figure 5.15 Correlation coefficients (r) between (a) Si-AI. (b) Si-Mn (c) Si-Ca (d) Si-
Ni (e) Si-Li (f) Si-Pb (f) Al-Mn and (h) Al-FeT in the primary ores (red 
symbol) and secondary ores (blue symbol) district Vizianagram, (A.P). 
> Samples shown by red square symbols are primary ores while the blue square 
symbols represent the secondary ore samples. 
> Major elements are expressed in Wt% while as trace elements are expressed in 
ppm. (FeT=Total Iron). 
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Figure 5.16 Correlation coefficients (r) between (a) Al-Ni, (b) Al-Cu, (c) Al-Li, (d) 
Al-Pb (e) Mn-Ca (f) Mn-Ba (f) Mn-Ni and Mn-Li in the primary ores (red 
symbol) and secondary ores (blue symbol) district Vizianagram, (A.P). 
> Samples shoMm by red square symbols are primary ores while the blue square 
symbols represent the secondary ore samples. 
> Major elements are expressed in Wt% while as trace elements are expressed in 
ppm. tFeT=Total Iron). 
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symbols represent the secondary ore samples. 
> Major elements are expressed in Wt% while as trace elements are expressed in 
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Figure 5.18 Correlation coefficients (r) between (a) FeT-Sr (b) FeT-Mo (c) FeT-Zn 
(d) FeT-Zr (e) FeT-Pb (f) FeT-Sr (g) Ti-P and (h) Ti-Na in the primary 
ores (red symbol) and secondary ores (blue symbol) district Vizianagram, 
(A.P). 
> Samples shown by red square symbols are primary ores while the blue square 
.symbols represent the secondary ore samples. 
> Major elements are expressed in Wt% while as trace elements are expressed in 
ppm. (FeT=Total Iron). 
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Figure 5.19 Correlation coefficients (r) between (a) Ti-Cu, (b) Ti-V, (c) Ti-Zn, (d) 
Na-P (e) P-Cu (f) P-V (f) P-Li (g) P-Li (h) P-Zn in the primary ores 
(red symbol) and secondary ores (blue symbol) district Vizianagram, 
(A.P). 
> Samples shown by red sqi4are symbols are primary ores while the blue square 
symbols represent the secondary ore samples. 
> Major elements are expressed in Wt% while as trace elements are expressed in 
ppm. (FeT=Total Iron). 
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Figure 5.20 Correlation coefficients (r) between (a) Ca-Co, (b) Ca-Pb (c) Mg-K (d) 
Mg-Co (e) Ca- Zn (f) Mg-Na (g) Mg-Sr and (h) Mg-Zn in the primary 
ores (red symbol) and secondary ores (blue symbol) district Vizianagram, 
(A.P). 
> Samples shown by red square symbols are primary ores while the blue square 
symbols represent the secondary ore samples. 
> Major elements are expressed in Wt% while as trace elements are expressed in 
ppm. (FeT=Total Iron). 
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Figure 5.21 Correlation coefficients (r) between (a) Mg-Zr(b) Ba-Cr (c) Ba-Mo (d) 
Ba-Pb (e) Na-Co (f) Na-V (g) Na-Zr (h) Ba-Pb in the primary ores (red 
symbol) and secondary ores (blue symbol) district Vizianagram, (A.P). 
> Samples shown by red square symbols are primary ores while the blue square 
symbols represent the secondary ore samples. 
> Major elements are expressed in Wt% while as trace elements are expressed in 
ppm. (FeT=Total Iron). 
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Figure 5.22 Correlation coefficients (r) between (a) K-Ni (b) K-Sr (c) K-Mo and 
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symbol) district Vizianagram, (A.P). 
> Samples shown by red square symbols are primary ores while the blue square 
symbols represent the secondary ore samples. 
> Major elements are expressed in Wt% while as traee elements are expressed in 
ppm. (FeT=Total Iron). 
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5.4 Trace element geochemistry of manganese ores 
Trace elements are associated with manganese ores of ail types in low 
concentration expressed in parts per million (ppm). Manganese ore minerals reliably fix 
manganophilic metals like Co, Ni and Zn in their lattice structures and are chemically 
active due to their large specific surface. Manganese oxides have a strong adsorpdon 
capacity for cationic species in the depositional fiuid and arc reflected in the chemistry 
of the oxides, which differs from that of the oxides precipitated from fresh water, sea 
water and hydrothermal fluids (Nicholson, 1992). The fresh water manganese ores are 
highly depicted in the Co, Ni, Cu compared to the marine deposits (Price, 1967; Harris 
and Troup, 1969; Hallbach, 1975). Manganese deposits of continents, shallow shelf and 
lakes ha\'e varied trace element geochemical behaviour as compared to open ocean 
manganese ores. The hydrothermal manganese ore deposits characteristically show 
geochemical enrichments in the assemblage As-Ba-Cu-Li-Mo-Pb-Sb-Sr-V-Zn and Mn-
As geochemical association. The supergene manganese ores show Na-K-Ca-Mg-Sr and 
Co-Cu-Ni geochemical enrichments, whereas supergene terrestrial deposits tend to have 
very high Ba contents and Mn-Ba association in accordance with Nicholson (1992) and 
Cretar et al (1982). Mero (1965) classified pacific manganese ores as Fe rich nodules 
(A-type), Mn- rich nodules depleted in Cu, Ni and Co (B-type), Cu and Ni rich nodules 
(C-type) and Co rich (D-typc). While as Lynn and Bonatti (1965) and Calvert and Price 
(1970) adequately outlined the process of diagenetic rcmobilization leading to 
enrichment in Mn and depletion of Fe and minor elements in nodules (B-Type of Mero, 
1965) in the continental borderland areas of the pacific. The highest Ni values 1.5% have 
been reported from Cape Basin in manganese ores from S. Africa. Glasby (1976) 
emphasized that Mn-Cu-Ni rich manganese minerals occur mainly in the basins while 
the Fc~Co rich minerals are usually located in the elevated regions dominated by 
calcareous sediments. The Mn-Suite has a strong chalcophile while as the Fe suite has a 
lithophile character. Sn and Sr in the Mn ores are related to Cu and Ba and therefore 
correlated with Mn. The dominant sources of the trace elements in the manganese ores 
are the marine hydrothermal vents, volcanoes with minor temgenous and biological 
sources are well understood. Mero (1965) classified pacific manganese ores as Fe rich 
ore (A-type), Mn- rich ore depleted in Cu, Ni and Co (B-type), Cu and Ni rich nodules 
(C-type) and Co rich (D-type.). While as Lynn and Bonatti (1965) and Calvert and Price 
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(1970) adequately outlined the process of diagenetic remobilization leading to 
enrichment in Mn and depletion of Fe and minor elements in the ores (B-Type of Mero, 
1965) in the continental borderland areas of the pacific. The highest Ni values 1.5% have 
been reported from Cape Basin in manganese ores from S. Africa.' Glasby (1976) 
emphasized that Mn-Cu-Ni rich manganese minerals occur mainly in the basins while 
the Fe-Co rich minerals are usually located in the elevated regions dominated by 
calcareous sediments. The Mn-Suite has a strong chalcophile while as the Fe suite has a 
lithophile ciiaracter. Sn and Sr in the Mn ores are mostly related to Cu and Ba and 
therefore con-elated with Mn. 
Many marine organisms are also considered as major source of appriciable 
contents of trace metals (Goldberg, 1957; Krinsley and Bieri, 1959). These may enhance 
the intake of Ni and Cu intake by the manganese minerals from the basin environment 
where biological productivity is high. Cu and Ni are contributed by the siliceous 
organisms to the sediments with very high pore volumes and open pore structures, which 
allow these minor metals to remobilize along with Mn in the interstitial water and form 
diagenetic deposits (Greenslate et al, 1973; Piper and Williamson, 1977) and the Indian 
ocean (Bezrukov and Andrushchenko, 1974) are relatively more enriched in Mn-Cu-Ni 
than those formed from the pelagic sediments. The manganese ores in the red clays were 
also reported to be more enriched in Mn-Cu-Ni than those from the siliceous ooze 
province around Antarctica (Glasby. 1976) and so the former lost its validity. Calcareous 
Foraminifera and other marine organisms may extract Mn, Ni and Cu from sea water, 
incorporate them in tests and later release them in the sediment pore water by dissolution 
(Goldberg and Arrhcnius, 1958. The amount and concentration of some elements 
especially Cu was found to be more in the absence of Fc with no relevance to Mn 
(Margolis and Burns. 1976). The continental manganese ores like that of India, Brazil, 
Turkey and China have a mixed trace element geochemistry as seen in the available 
literature, however the genetic signatures are very close to the shallow shelf 
hydrogenous environment. The manganese ores of the present study area show 
substantial evidences from the trace element geochemistry of the Vizianagram 
manganese ores pointing to the shallow shelf sedimentary genesis of the ores followed 
by the metamoiphism and deep supergene enrichment. 
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5.5 Inter- elemental correlations and association 
Inter elemental correlation between the trace elements itself and with the major 
elements varies according to their genetic types as documented m the available literature. 
Positive correlation of different trace elements either with Mn or Fe phases can be 
attributed to x'arious geochcmical and thermodynamic factors of different environment. 
The various a.ssociations and positive correlations in the manganese ores include 
elemental groups with a major phase like Mn. Fe with the trace elements such as Ni, Co, 
Cu, pb, Zn and Cu some major manganese ore deposits. Substantial evidences include 
Mn-Ni-Cu, Fe-Ti-Co-Zr (CJoldberg, 1954; Bonatti. et al 1976; Cronan and looms, 1967), 
Mn-K-Ba-Co-Mo-Ni-Sr and Fe-P-Ti-As-Pb-Y-Zn (Calvert and Price, 1969 and, 1970), 
Mn-Ba-Co-Cu-Mo-Ni, Fe-V-Cr and Pb-Zn (Ljunggren, 1955; Winterhalter, 1966). 
Similar findings of Mn-Ni-Co-Zn; Fe-Na-Ca-K-Mg (Cronan and Thomas, 1972); Mn-Ni-
Cu-Zn; Fe-Ti, Co (Glasby, 1974) are important elemental groups in support of the genetic 
association of major and trace elements in the manganese ores of different environments. 
Other reported groups of Mn-Ni-Cu-Zn-Mo; Fe-Co (Glasby, 1976); Mn-Ni-Co; Fe-co 
(Van der Weijden, 1976); Mn-Ni-Cu-Co-Zn-Ba-Mo; Fe-Ti (Margolis and Burns, 1976), 
Mn-Cu-Ni-zn; Fe-Co-Pb (Gundlach et al, 1976), Mn-Ni-; Ni-Cu: Mn-Ba (Piper and 
Williamson, 1977), Mn-Ba-Cu-MoNi-Zn; Fe-As-Pb-Sr-Y-Zr (Calvert and Price, 1977a, 
1997b). Contrasting trace element geochemistr>' of different genetic types of manganese 
ores have been reported by many workers from different parts of the world and were 
compared with the present manganese ores as shown in tables 22-23. 
5.6 Trace elements of the analyzed samples 
The choice of topic led the author to consider eleven trace elements to unearth the 
geoehemical nature and genetic environment of the primary ores (samples 1-6) and 
secondry manganese ores (samples 7-.30) of the study area. The trace clement 
geoehemical perspective of the present manganese ore deposits shows that the present 
primai7 and secondry manganese ores are generally enriched in elements like Ni, Cu and 
Co by several factors and may be attributed to faster rate of accretion of manganese ore 
minerals through diagcnetic and supcrgene remobilizarion with the aid of circulating 
fluids. The other group of trace elements including Sr, Cr and V shows lower values in 
both primary and secondry manganese ores as seen in figure 5.27a-b, Primary ores 
(samples 1-6 in table 17) and the secondry ores (samples 7-30 in table 17) show an 
141 
apparent contrast in trace clement conccnti'ation with regard to the Mi, Cu, Co, Sr, Cr, V, 
Cr, Li and Pb, Zn and Zr (Tables 9-10 and Figures 5.27-5.29). The trace element data of 
the primary and secondry manganese ores from district Vizianagram, (A.P) shows three 
distinct groups of trace elements as Ni-Cu-Co, Pb-Zn-Zr and Sr-Cr-V-Li in the order of 
declining concentration as can be seen in the variation diagram (Figures 5.27a-b). The 
comparison shows much similarity in Ni and many other trace elements of the secondry 
ores with that of Orissa, India (Mohapatra and Nayak, 2005a and 2005b). The ores hows 
close similarity of Cu contents with the manganese ores of Koryu, Japan (Tables 22-23). 
The concentration of Co and Cr content is again higher than the other manganese ores 
like that of Turkey, China and Pacific Ocean but lower than that of Orissa as detailed in 
Tables 22-23. The average Sr values of 115.49 and 254.06 ppm recorded in the primary 
ores and secondry ores respectively and are far lower than that of the reported values 
from Orissa, Turkey, Pacific, China and U. S. A (Tables 22-23). The average V content 
shows insignificant values while as Pb shows slightly elevated values. Zr is higher in the 
primary ores than in the secondry ores and in the overall ore it shows higher peaks than 
that of the reported values from pacific manganese ores and that of Orissa (Tables 22-
23). All the similarities suggest a mixed source of the hydrothermal, biogenous and 
terrigenous and volcano-clastic sources. In general, Mn and Fe are considered as two 
main elements that adsorb the trace elements iirespective of any surface charge and were 
also concluded from the experimental studies of Krauskopf (1956). Trace elements like 
Ni and Cu show positive correlation with Mn as they are all gradually gathered followed 
by the increase of Mn content, which was determined by element's nature. It was also 
shown by Mun^ay and Brewer (1977) that Mn oxides and Fe oxides are extremely 
efficient scavengers of cations and anions alike, irrespective of surface charge and so the 
higher values of the manganophyllic and ferrophyllic trace elements with the former as 
more efficient due to the higher values of Wt% of Mn in the ores. Most of the trace 
elements are very close to the values of that of the manganese ores of Orissa (Mohapatra 
and Nayak, 2005a and 2005ba), metasedimentary Garividi and Chipurupalle (Siddiquie, 
2004) and Barbil (sedimentary) manganese deposits (Tables 22-23). Fe- (Co+Ni+Cu) -
Mn discrimination diagram of (Bonatti et al, 1972), Ni-Zn-Co discrimination diagram of 
(Choi and Hariya, 1992) and Co/Zn vs Co+Ni+Cu of discrimination diagram (Toth, 
1980) were also used to probe the Vizianagram manganese ores genesis and were found 
very conclusive in the present piece of research work. The analytically determined trace 
elements of the Present manganese ores are discussed in detail as follows; 
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5.6.1 Nickel 
The Vizianagram manganese ores hows relatively higher Ni enrichment in both 
the primary and secondry manganese ores as seen in tables 18-20 and 21. Higher values 
were found in secondry ores as compared to the primary ores. The average values of 
nickel recorded in the primary and secondry manganese ores of Vizianagram are 
1244.60 and 1500.54 ppm respectively (Table 13). Lower values of Ni are found in 
primaiy ores of Vizianagram, (samples 1-6) as compared to secondry ores (samples (7-
30). The bar charts showing the quantity of Ni in the primary and secondry manganese 
ores are shown in Figures 5.23a and 5.24c respectively. Ni continues to dominate the 
other trace elements in all the six blocks of the study area (Figures 6.25-5.26). Ni is 
positively correlated with Mn in both primary and secondry manganese ores (Tables 9-
10; Figure 5.18g). Ni shows negative correlation with Si and Al (Tables 9-10) and with 
V and Li in the primay ore. It also shows positive correlations with Pb. All these 
coiTelations are shown in figure 5.34 and tables 9-10. The positive Mn-Ni correlations 
were also reported by Mohapatra and Nayak (2005b) from Orissa and Siddiquie and 
Bhat (2010) from Vizianagram. According to Toth (1980), trace elements (Co, Ni and 
Zn) in manganese ores are adsorbed on Mn-oxide surface. While as according to 
Halbach and Fcllercr (1980), Ni is positively correlated to Mn but not with FeT in the 
present ores (Table 9). In general, Ni is preferentially associated with Mn while as most 
Co occurs wit!) Fe. Margolis and Burns (1976) showed that Pacific manganese ores 
enriched in Mn by remobilization are low in Fe and Co but shows high values for Ni and 
Cu showing the manganophyllic nature of Ni and Cu while as feiTophyllic nature of Fe. 
The Co/TMi ratio is an important criterion for determination of sedimentary environment 
and is used to distinguish hydrogenous and hydrolherma! deposits (Toth, 1980). Ni/Co 
value in both the primaiy and secondry manganese ore is 0.60 hence Indicates the 
sedimentary environment. For Ni, NiCOO.; is the principal aquatic species in sea water 
as indicated by Bruland (1983), Bruland and Lohan (2004) and Brookms (1988). All 
solid and dissolved phases are almost under saturated in sea water. In the Ternary 
diagram shown in figure 5.31 (After; Choi and Flariya, 1992), the hydrogenous nature of 
the the primaiy and secondry manganese ores, district Vizianagram, (A.P). is quite 
evident. The "Point of reversal" of Ni and Cu (/, e the stage at which the Ni and Cu 
contents do not increase further as the Mn/Fe ratio increases was observed by Von-
Stackclnerg (2000) but no such relation was observed in the present manganese ores 
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instead both Ni and Cii are irregularly distributed. The Co/Zn vs Co+Ni+Cu 
discrimination diagram (After; Toth, 1980) seen in figure 5.32 suggests hydrothermal 
diagenetic fields. The Compositional data plotted on Fe-Mn- (Co+Ni+Cu) x 10 ternary 
diagram (Figure 5.12) after Bonatti et «/ (1972) shows that all the samples fall within the 
detrital-hydrogenous field. Thus, on the basis of present interpretation the author suggest 
the hydrothemial/diagenetic field nominations (Figure 5.30-5.32). According to Banerjee 
and Miura (2001), under o.xic conditions mobility of Mn is higher compared to Ni, Cu 
and Co. Therefore, higher Mn/Fe ratios as compared to deep marine or ferromanganese 
ores could indicate oxic conditions overlying suboxic sediments (Banerjee and Miura, 
2001). 
5.6.2 Cobalt 
The element was chosen in the present study because it has two principal modes 
of uptake into the manganese ores as the divalent or trivalent states and is expected to 
reveal the sedimentation environment and other associated factors of the hydrous 
environment. The average values of Co in a total of thirty samples from the district 
Vizianagram, (A.P) is530,80 and 866.38 ppm in primary and secondi-y manganese ores 
respectively (Table 13). The bar charts of the primary and secondry manganese ores 
(Figure 5.1c and 5.2c) reveals the higher values of Co in the secondry ores of the study 
area. The average values recorded from the six blocks of the study area are as 1071.28, 
920.00, 848.00, 763.00, 775.75 and 742.33 ppm in the order of decreasing quantities 
respectively (Tables 11-12). The block wise trace element bar charts of the six blocks of 
the study area shows Co as the third highest trace clement next to Ni and Cu except for 
the Chipurupalle block of the study area (Tables 18-20 and 21 and figures 5.25 -5.26). 
Cobalt shows positive correlation with FcT (Figure 5.17g), Na, K, Co and Sr Mg 
(Figures 5.20d-g) but shows negative correlation of with Ca (Figure 5.22a). Co also 
shows negative correlation with Za and Zr in the primaiy ores of district Vizianagram, 
(A.P) as seen in figures 5.20h and 5.21a. The levels of Co found in the current study area 
are also far different from the range of the typical hydrothermal deposits (/, e < 300 
ppm). C O'^ in sea water is initially adsorbed on the surface of 5-Mn02 near vacancies in 
the edge-sheared MnO(, octahedral and is then oxidized; low spin CO3 ", then enters the 
8-Mn02 lattice (Burns, 1976). Also, the ionic radius of CO-/ is similar to that of Mn "^  
'0.54 A) and can be considered as the substitute during the formation of the oxy-
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hydroxides of manganese and Iron during tlieir formation from tiie shallow shelf waters 
in the oxic environment. Good correlation between Fe and Co suggests absorption of Co 
by Fe phase (Banerjee and Miura, 1998 and 2001; Halbatch cf a/ (1981) and due to this 
fact the samples with high FeT wt% values are seen to contain higher values of Co in the 
present study (Tables 8 and 13). According to Glasby and Thijssen (1982), Glasby et al 
(1997) and Glasby & Schultz (1999), the uptake of Co, Ni and Cu is essentially 
associated with the feiTomanganese oxide phases in marine environment. 
The highest concentration of Co in the manganese ores was recorded so 
far in the available literature is 1.79 wt% (Hewett e! al, 1963) from Western supergene 
oxides of Cheiry Geek, Montana. The concentration of cobalt is rather different in the 
continental manganese ores like that of Vizianagram manganese ore, highest being in the 
sea mounts and other deposits of ele\ated areas (upto 1% on Kelvin sea mount) and 
lowest in the topographically depressed basins. Higher contents of Co and Fe in the high 
redox potential areas of topographic highs has been attributed their accommodation by 5-
MnOi (Barnes, 1967; Goldberg, 1961; Burns (1965, 1966), Cronan and Tooms (1969) 
which can be accounted as the mechanism of incorporation in the fcrro-manganese oxide 
minerals of the study area. Although Zn, Co, Ba and Sr are both manganophile and 
ferrophile they have a stronger affinity to the Mn-suite. The Co/Ni values of all the ore 
samples from Vizianagram are higher than that of typical hydrothermal and marine 
manganese ores (Tables 22-23). The Co/Ni \'alue is a guideline that judges the 
sedimentary environment of the manganese ores genesis. Co/Ni <1 in the manganese 
ores are indicative of sedimentary origin but the Co/Ni > 1 represents a deep marine 
environment in accordance with the findings of Fernandez and Moro (1998). The 
average Co/Ni \alue of both primary and secondry manganese ores of Vizianagram is 
0.61 (Table, 19), indicating their original sedimentary nature. The lower values of Co/Ni 
also indicate that precipitation of the ores was not hot water sedimentation and the depth 
of the basin was almost alike throughout the study area in accordance of Fan (1994) and 
Nicholson (1992). Thus Co/Ni ratios also support that both sedimentary and shallow 
marine environments were effective for the formation of Vizianagram manganese 
deposit which are basically hydrogenous compounds of manganese . The Co/Zn ratios 
are low as compared to deep marine, typical volcanogenic and hydrothermal manganese 
ores. The average Co/Zn values of 0.97 in the primary ores are high but is as high as 
4.63 in the supergene or secondry ores of the study area indicating gain in the Co 
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contents with supergene enrichment of the ores and agrees well with the finding of 
Niciwlson(1992). 
5.6.3 Copper 
In case of the Vizianagram manganese ores . copper varies from 378.86 ppm to 
1264.48 ppm in the primary and secondry manganese ores respectively as shown in table 
18. The bar charts (Figure 5.23c and 5.24c) of copper reveal drastic variation in the 
concentration of Cu among the primary and secondry ores. Cu shows strong negative 
coiTelation with Al, Ti and P (Figures 5.21a-e) among the major elements and Li and V 
among the trace elements (Figures 6.l5d and e) in the primary ores of Vizianagram. Cu 
shoViS strong positive coiTelation with V in the primary manganese ores (Figure 5.34e). 
Cu is easily adsorbed onto the manganese ore minerals and are generally preset as trace 
element groups of managanophilic nature. Manganese ore minerals also adsorb Cu and 
other trace metals from sediments during the process of diagenetic as per the findings of 
Shterenberg (1987), Bazilevskaya (1985), Higher concentration of trace elements such as 
Cu and Ni are also known to be the products of early diagenetic (Hal batch et al (1981b; 
Calvert and Piper;, 1984). Preferential uptake of Ni, Co and Cu is seen in Vizianagram 
manganese ores as compared to the manganese ores of other genetic types as seen in table 
22-23. The positive Mn-Ni-Cu correlation generally observed in the manganese ores has 
also been explained by the mechanism of formation of todorokite by the recrystallization 
of 5-Mn02 in the presence of Ni"^ and Cu"^ions (Bums and Bums, 1978), but the absence 
of todorokite in the present ores is evident in the absence of such a relationship. Generally 
the secondry ores contain higher concentrations of total base metals (Co+Cu+Ni+Zn) than 
secondry ores. Cu, Ni, Zn, Mo, K and Ba can preferably enter the todorokite lattice in the 
areas of relatively low redox potential in deep sea and continental margins in low and high 
cation concentration respectively, incoiporation of trace elements occurs in diffuse outer 
part of the electrical-double layer substrate and into the disordered inner layer primary 
manganese ore minerals (Murray et al, 1968). The relative concentration of base metals in 
the primary ores are Ni>Co>Cu, while as in secondry ores it is Cu > Ni > Co indicating 
the dominance of hydrothermal contribution for the primary ores and the supergene 
addition of Cu in the secondry ores. In continental margin areas the manganese ore 
deposits have trace metals Ni, Co, Cu as they may fomi stable chelates within the 
sediments. The variable concentrations of Ni, Co, Cu and Zn within the ores of the study 
area also reveal fluctuations in the trace clement supply towards the depositional 
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environment. The concentration of Ni, Co, Cu in the manganese ores are also detennined 
by the Mn/FeT ratio. Hydrothcrmal and volcanogenic-sedimentary deposits of varying 
composition have been reported from the tlank of the East Pacific Rise (Mn/FeO = 0.06, 
Low content of Ni. Co, Cu by Bonatti et al, 1972, 1976) and from Hess Deep (Mn/Fe = 
0.77 with Ni, Co and Cu relatively enriched; Biirnelt and Piper, 1977) and the Galapagos 
spreading center (Mn/Fe 555-5000, Ni, Co, Cu content very low as reported by Moore and 
Vogt, 1976). The average concentration of Cu, Pb and Ni of the studied samples shows 
mucl: similarity with the Precambrian manganese ores of tJie region (Rai et al, 1979; 
Ajmal. 1990; Siddiquie and Raza, 1990 and 2008; Acharya and Nayak, 1998; Siddiquie 
and Bhat, 2010). When plotted on a ternary diagram incorporating the diagnostic marine 
elemental assemblage Co-Cu-Ni, the Present manganese ores lie distinctly away from the 
position of feiTomangancse nodules of the Pacific and Indian oceans; the Arndilly 
(hydrothermal) and San Francisco (voicanogenic) manganese ore deposits. Ni and Cu are 
taken up dominantly in the divalent state but Cu is of particular interest because of its 
known depletion in Co-rich manganese crusts taken below the oxygen minimum zone. 
5.6.4 Zinc 
Zinc in the Vizianagram manganese ores ranges from an average of 548.40 and 
186.87 ppm in the primary and secondry manganese ores respectively. The bar charts 
(Figures 5.23h and 5.24h) confirm the concentration of Zn in the primary ores as 
compared to the secondry ores. Zn shows almost similar pattern of distribution in both 
primary as well as secondry ores as ssen in figures 5.25-5-26. Like many other trace 
elements, Zn is also adsorbed on the manganese ore minerals in almost all the 
manganese ores of the world however the distribution in the genetic types is very 
irregular as seen in table 15-16. Generally the hydrothermal and voicanogenic 
manganese ores contain higher values of Zn than fresh water and sedimentary 
manganese ores. Zinc is considered as an important tool to probe the pH conditions of 
the genetic environment. Laboratory results of Gadde and Laitincn (1974) showed that 
over the pH range 2-8 the extent of adsorption of Zn is always high. The values of the 
concentration of Zn shows negligible variation in case of the secondry ores of the six 
blocks of the study area as seen in Figures 5.25-5.26. The higher concentration of Pb and 
Zn in the primary ores (Figure 5.27) can be considered as the diagnostic hydrothermal 
and voicanogenic input in accordance with the result of researchers on the manganese 
ores (Zantop, 1981; Nicholson, 1986;, 1988; Ajmal, 1990). But the slightly lower 
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concentration of Pb and Zn in Present manganese ores distinguishes them from the 
typical hydrothermal-volcanogenic manganese ores (Tables 18, 22 and 23) pointing to 
the supergene alteration and mixed sources of contribution. This is further supported by 
non-existence of rocks derived from volcanic activity in the near vicinity of the area. 
Co/Zn ratio is considered as the diagnostic value from the genetic point of view in the 
manganese ores. The average Co/Zn ratio of the thirty ore samples from Vizianagram is 
4.41 and being greater than 1 suggests the hydrogenous origin in accordance with Toth 
(1980). 
5.6.5 Chromium 
The average contents of Cr are 259.42 and 263.90 ppm in the primary and 
secondry ores respectively (Table 13) showing a nearly identical pattern of distribution in 
primary and secondry manganese ores (Figure 5.25-5.26). The average Cr contents in the 
secondry ores of the six blocks of the study area are 264.35, 268.33, 259.07, 252.95, 
262.15 and 277.04 respectively (Tables 11-12). The bar charts (Figures 5.23d and 5.24d) 
of Cr in the primary and secondry ores confirms its least variation between the primary 
and secondry ore. In comparison to the other available data on Cr in the manganese ores of 
different genetic environments (Tables 22-23), the Vizianagram manganese ores have 
higher \ alues of Cr which goes around the values from Orissa (Mohapatra and Nayak, 
2005a and 2005ba). Higher values of 107.21 and 107.00 ppm were reported from 
manganese ores of China and S. Fransico (U. S. A) but lower values have been reported 
from Indian Ocean, Pacific, Turkey and Japan as detailed in Tables 22-23. The probable 
source of Cr in the Vizianagram, ore is least known .so far. According to Rao (1983), the 
early mafic rocks are the probable source but the bulk of chromium was attributed to the 
meta-sediments by mica and clay minerals of the early sedimentary protolith. While as the 
terrain is represented by the dominant acidic rock group the probable source of Cr in the 
studied ore can be attributed to the early mafic rocks of the region. 
5.6.6 Lithium 
The average concentration of Li in the primary and secondry manganese ores of 
Vizianagram is 459.20 and 220.3Ippm (Table 13) in the primary and secondry manganese 
ores of Vizianagram, respectively. Lithium varies from 321 to 721 and from 122 to 421 
ppm in the secondry ores (Table 13). Bar charts of the studied trace elements in the 
primary and secondry manganese ores (Figure 5.23f and 5.24f) and block wise secondry 
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manganese ores (Figures 5.28 - 5.29) of the district confmn the higher values and major 
range in variation of Li in the primary ores than that in the secondry ores (Tables 18, 20-
21). Among major elements Li shows positive correlation with oxides of Si, Al and P m 
the primary ores of the study area, while as it shows negative correlation with MnO and 
with Ni and Cu (Tables 9-10). 
Li can either be associated in high temperature manganese minerals or with AI2O3 to 
form iithiophorite and may be the cause of their higher concentration in the primary ores 
as compared to the secondry ores. Generally the hosting mineral of Li in the manganese 
ores are mostly Iithiophorite in continental manganese ores but all the ores of Vizianagram 
are reported to contain moderate concentration of Li (Siddiquie, 2004; Siddiquie and 
Raza, 2008; Siddiquie and Bhat, 2010). Lithium is an active element during chemical 
alterations and gets precipitated with the manganese o.xides and could have possibly been 
supplied from the hydrothermal sources from the ocean floor. The variable presence of 
lithium in the manganese ores suggests its variable mobility under changing geochemical 
conditions. Higher concentrations of lithium arc attributed to the higher content of 
Iithiophorite and other high temperature minerals which hosts the element. The possible 
source of Li was most probably the hydrothermal discharge into the depositional basin. 
Additional input may be due to the terrigenous supply through weathering of alkali 
pyroxenes during the manganese mineralization in the study area. 
5.6.7 Strontium 
Strontium content in the both manganese ores and the host rocks show low 
variation with a\crage of 115.49 and 254.06 ppm in primary and secondry manganese 
ores respectively (Table 13). Sr shows a very irregular pattern of distribution in both 
piimai7 and secondry manganese ores of the study area (Figure 5.23e and 5.24e). The 
positive correlation among the major elements has been obsei-ved between Mg-Sr and K-
Sr in the primary ores (Figures 5.2 Ig and 5.22b). Sr also shows negative coiTclation with 
Fc (Figure 5.18a) and Zr (Figure 5.35d) suggesting its non ferrophillic nature. The 
depletion of Sr as compared to other trace elements in both primary ores (Figure 5.7a) and 
secondly ores (Figures 5.27) in the manganese ores of the study area coincides with 
similar trend of the khondalites of the study area. The strontium anomally in the 
manganese ores and the host rocks indicates low salinity conditions of the depositional 
environment. Low and varied concentration of Sr in different manganese ores types from 
different parts of the world wei'c reported by Rai ft al (1979), Hewett ct al (1963). Sr is 
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expected to ascertain the salinity conditions of the depositional environment as well as the 
post depositional metamorphic and siipej-gene effects. The average crustal mean of Sr is 
290 ppm. When compared with the deep marine manganese ores such as Pacific and 
Indian Ocean (Table 15-16), the Vizianagram manganese ores show low Sr and high BaO 
contents. In general the migration ability of Sr is greater than that of Ba and thus Ba is 
retained in shelf sediments while as Sr travels into the deep marine environment. Sr 
content often varies with the variation of sea water salinity, thus it is often considered as 
the marking for sea water salinity (Fan, 1994). The Sr values in the Vizianagram 
manganese ores and khondalites are almost similar but lower than tlie cixistal mean, 
indicating a shallow, uniform depth of deposition under low salinity conditions. The 
present manganese ores have lower values of Sr than other manganese ores of the study 
area. Polgari et al (2003) reported 1..36 wt% of Sr due to bacterial activity in the Mn-
Carbonates of Jurassic age from Hungary. The low contents of Sr in the manganese ores 
of district Vizianagram, (A.P) may be attributed to the post depositional diagenetic to 
metamorphic and supergene alteration. The present depiction of Sr may be related either 
to immobilization of metals through chelation in organic rich bottom sediments or to a 
lower value of minor elements co-precipitated with Fe-Mn oxides due to the faster growth 
of the manganese ore minerals in shallow water environment. 
5.6.8. Vanadium 
V in both primary and secondry manganese ores of the study area 
shows an irregular pattern of distribution (Figure 5.27). The average vanadium contents 
are 215.26 to 130.28 ppm in the primary and secondly manganese ores of district 
Vizianagram, (A.P).Thc higher values of V in primary manganese ores (Figure 5.3j) 
than the secondry manganese ores (Figures 5.24J) is attributed to ihe presence of Ti and 
Fe bearing minerals. Low range of variation has been recorded in the secondry ores of 
all the blocks of the study area (Tables. 19-20 and figures 5.25-5.26). V is strongly 
correlated to Ti and Fe and through them to Zr, Mo, Co, Ba and Sr. The mean crastal 
abundance of V is 140 ppm which is less than that of the present primary manganese 
ores indicating its manganophyllic tendency. According to Dubinin (2004) and Krom 
and Sholkovitz (1978), ferromanganese phases in sediments are derived from 
suspended hydrogenous matter formed at the upper layer of oceanic water column and 
the suspended matter usually contains fine intcrgrowths of iron and manganese oxy-
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hydroxides that are good adsorbents of V and P. Like Mn, mieroclements lii<e V and 
other similar trace elements are accumulated due to the successive processes of 
adsorption and oxidation (Moffett, 1990; Moffetl and Ho, 1996). 
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Figure 5.23 Bar charts showing the relative concentration (in ppm) of (a) Ni (b) 
Cu (c) Co, (d) Cr, (e) Sr, (f) Li, (g) Pb (h) Zn (i) Zr Q) V in the 
primary ores of district Vizianagram, (A.P). 
*Samples 1-6: Primary managnese ores from Garbham( J-3). and Sadanandapuram(3-6) blocks: district 
Vizianagram, (A.P). 
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Figure 5.24 Bar charts showing the relative concentration (in ppm) of (a) Ni (b) Cu (c) 
Co, (d) Cr, (e) Sr, (f) Li, (g) Pb (h) Zn (i) Zr 0) V in the secondary ores of 
district Vizianagram, (A.P). 
*Samples 7-30: Secondary manganese ores samples from Garividi (7-11) Garbham(12-16) Chipurupalle (16-20). 
Salur (20-25)andBangaruvalasa (25-30)blocks. district, Vizianagram, (A.P). 
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Figure 5.25 Bar charts showing the relative concentration of selected trace elements in 
the; 
(a) Primary ores from Bangaruvalasa and Garividi, 
(b) Secondary manganese ores from Kotakara, 
(c) Secondary manganese ores from Perumali, district, Vizianagram, (A.P). 
Samples 1-6: Primary managnese ores from Garbham(l-3), and Sadanandapuram(3-6) 
blocks: Samples 7-30: Secondary manganese ores samples from Garividi (7-11) Garbham(12-
16) Chipurupalle (16-20), Salur (20-25) and Bangaruvalasa (25-30) blocks, district, 
Vizianagram, (A.P). 
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Figure 5.26 Bar charts showing the relative concentration of selected trace elements in 
the; 
(a) Secondary ores from Salur block, 
(b) Secondary manganese ores from Bangaruvalasa block, 
(c) Secondary manganese ores from Chipurupalle block, district, Vizianagram, 
(A.P). 
* Samples 1-6: Primary managnese ores from Garbham(l-3), and Sadanandapuram(3-6) 
blocksiSamples 7-30: Secondary manganese ores samples from Garividi (7-11) Garbham(12-16) 
Chipurupalle (16-20), Salur (20-25) and Bangaruvalasa (25-30) blocks, district, Vizianagram, (A.P). 
155 
2000 
.«. 1 
|io«, \ 
°^; * ^ ^ ^ ^ 5 ^ t e ^ ^ ^ ^ 
Ni Cu Co Sr Cr V Li Pb Zn Zr 
3500 
3000 « 
7 8 9 10111213 1415 1617 1819 20 2122 23 24 25 26 27 28 29 30 
(a) 
-»-2 
3 
-*-5 
(b) 
-•-Ni 
Co 
-*-Cr 
Li Pb 
Zn 
Zr 
Figure 5.27 Variation diagram of selected trace elements; 
(a) Primary manganese ores from Bangaruvalasa and Garividi blocks, 
(b) Secondary manganese ores, Kotakara, Perumali, Sadanandapuram, Salur and 
Garividi blocks, district, Vizianagram, (A.P). 
* Samples 1-6: Primary managnese ores from Garhham(l-3), and Sadanandapuram(3-6) 
blocks;Samples 7-30: Secondary manganese ores samples from Garividi (7-11) Garbham(l2-
16} Chipurupalle (16-20), Salur (20-25) and Bangaruvalasa (25-30) blocks, district, 
Vizianagram, (A.P). 
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Figure 5.28 Variation diagram of selected trace elements in; 
(a) Secondary manganese ores, Garbham block, 
(b) Secondary manganese ores, Koduru block, 
(c) Secondary manganese ores, Garividi block, district Vizianagram, (A.P). 
Samples 7-30: Secondary manganese ores samples from Garividi (7-11) Garbham(12-16) 
Chipurupalle (16-20). Salur (20-25) and Bangaruvalasa (25-30) blocks, district, Vizianagram. 
(A.P). 
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Figure 5.29 Variation diagram of selected trace elements in the secondary manganese 
ores of; (a) Perumali mines, (b) Salur mines, (c) Chipurupalle mines, 
district Vizianagram, (A.P). 
• Samples 7-30: Secondary manganese ores samples from Garividi (7-11) Garbham(l2-I6) 
Chipurupalle (16-20), Salur (20-25) and Bangaruvalasa (25-30) blocks, district, Vizianagram, 
(A.P). 
158 
# 
5000 ,= 
4500 j ' 
4000 1 
^ 3500 i 
g;3000 j 
'^'2500 i 
V 2000 i 
Z 1500 ^ % ^^  
1000 B 
500 : '"' 
0 
0 1000 2000 3000 4000 5000 6000 7000 
Ni+Co+Cu (ppm) 
Figure 5.30 Discrimination diagram of Ni + Co + Cu Vs Ni + Cu of the primary and 
secondary manganese ores, district Vizianagram, (A.P). 
Figure 5.31 Ternary diagram Ni-Zn-Co (After; Choi and Hariya, 1992) showing the 
hydrogenous nature of the the primary and secondary manganese ores, district 
Vizianagram, (A.P). 
* Samples shown by red square symbols are primary ores while the blue square symbols 
indicate the secondary ore samples, detailed in table 9. 
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Figure 5.32 Discrimination diagram (After Toth, 1980) of Ni + Co + Cu Vs Co/Zn of 
the primary and secondary manganese ores, district Vizianagram, (A.P). 
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Figure 5.33 Discrimination diagram of Ni-Co-Zn (After Choi and Hariya, 1992) of the 
primary ores and secondary ores, district Vizianagram, (A.P). 
* Samples shown by red square symbols are primary ores (samples 1-6) while the blue 
square symbols indicate the secondary ore samples (samples 7-30), detailed in table 9. 
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Figure 5.34 Correlation coefficients of (a) Ni-V (b) Ni-Li (c) Ni-Pb and (d) Ni-Pb and (e) 
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Samples shown by red square symbols are primary ores (samples 1-6) while the blue square 
symbols indicate the secondary ore samples (samples 7-30), detailed in table 9. 
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* Samples shown by red square symbols are primary ores (samples 1-6) while the blue square 
symbols indicate the secondary ore samples (samples 7-30), detailed in table 9. 
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Table 11 Range of Variation of major elements expressed as wt% in the manganese ores of 
Perumali, Salur and Chipurupalle bloclcs, district Vizianagram, (A.P). 
Block - r » 
(No. of 
samples) 
Element j 
SiOi 
Al:Oj 
MnO 
FeO 
fe;Oj 
TiQ; 
PjOi 
CaO 
-MgO 
BaO 
^ NajO 
: ViO. 
LOI 
Total 
FeT 
I Garb luin ISIock 
( 
' 
M I . 
( 
' 2.13 
1 1.33 
• 4"'.00 
11.56 
3.20 
3,56 
021 
0.33 
0.22 
0.11 
0,62 
1,94 
1.70 
97.45 
•.•.•14.2S 
i>aiuples 110) 
\ i a \ 
11.20 
9.21 
64.33 
12.97 
4.32 
4.65 
3.30 
0.63 
0.97 
0.92 
1.39 
2.4! 
5.99 
99.62 
15.2! 
.* 
A\. 
4.67 
5.05 
57.58 
12.23 
3,77 
4.11 
2.15 
0.47 
0.60 
0.36 
1.13 
2.25 
4.42 
9S.77 
!4.'^6 
KodurJilocI 
(&fi i iple |a jS 
Min. 
18^ 
1.76 
55.0" 
9.00 
2 00 
2.00 
1.67 
0.11 
OM 
0.11 
0,5" 
!,40 
1.30 
98.91 
lo .r 
-i"^ 
Max. 
13,22 
6.21 
59,99 
11.00 
4,55 
5.12 
6.50 
1.00 
0.96 
1.22 
1.31 
2.40 
6.69 
99.20 
14.43 
>^*M&ii^^^ 
^^s^^ 
i^^^M$M *' ^ ^ 
A\T 
8,13 
3.87 
57.59 
10,50 
2,67 
3.58 
4.78 
0.61 
0,57 
0.51 
0,86 
1.67 
3,87 
99,08 
12 10 
^ ^ ^ ^ ! p P ^ f 
'S^s!?^ 
M.n 
3,95 
3.10 
52.98 
11.00 
2,00 
1.16 
2.76 
0.12 
0,21 
0.00 
0.49 
1.40 
132 
37.38 
11.89 
FeT = 
» 
"^HHHMRMr lUH 
Max. 
9.87 
8.60 
59.12 
15.00 
2.99 
2.11 
6.44 
112 
0.92 
1.23 
0.84 
1.61 
9.57 
99.73 
16.48 
Total Iron 
i ^ ^ 
• • • • ^ • • P 4 | 
. . • - - i.s'jn 
Hl^sKJSlSy^*' 
Avr. 
6.78 
5.85 
56.78 
12.03 
"J '>9 
1.76 
4.24 
0.70 
0.60 
0.57 
0.65 
1.46 
4.83 
98.53 
13.46 
Table 12 Range of Variation of major elements expressed as wt% in the manganese ores of 
Perumali, Salur and Chipurupalle blocks, district Vizianagram, (A.P). 
j B l o c k W ^ . . 
;(NB.oftr> ; -
iiample^ :^.f,\ 
• •" •i''.:.ff:i:'^:'-
Element 1 '''. 
: .-.SiftT-: 
t AljOj 
' MnO 
' •.,-Fcp .' 
: ..fe^Qyiy 
I ..Tifei.^.. 
i V^T:^ 
1 - C ^ O ' ^ . ' ' 
• aigQjiV. }-..; .-Bap?.;r. 
t .^ii*}0''-: \^-^-m^'-
: •- i-ojt '.'.-• 
Total • '• 
• ¥&T '• 
' 
YM 
! n 
1 09 
- I •, • 
i i :95 
•* 1 . " . 
1 4" 
4 0".-
0.12 
L" _''. 
0 00 
0 .2 
1 39 
4 ift 
9-^  10 
ir.:-^ 
Perumali Blgck 
(W-22) 
Max. 
8.01 
2.87 
64.00 
13.78 
2.88 
2.97 
5.00 
0.27 
1.09 
1.33 
1.38 
1.72 
7.67 
98.00 
14.61 
Avr. 
3.60 
1.74 
60.25 
11.S3 
2,28 
2.11 
4,25 
0.1 S 
0.76 
0.69 
0.99 
1.50 
6.26 
96.43 
12,91 
P ~ Salui^ Block 
(&auip^s;;i3-26) ** 
Min. 
2.20 
9.12 
41.88 
14.71 
5.99 
0.03 
0.21 
0.21 
0.29 
0.1" 
0.41 
2.17 
1.97 
96.85 
19.28 
Max. 
3.39 
16.21 
57.00 
19.99 
12.97 
1.00 
0.69 
1.24 
0.97 
0.92 
1,23 
3.85 
5.01 
108.38 
30.94 
Avr. 
2.92 
11.62 
49,89 
17.18 
9.57 
0.29 
0.39 
0.58 
0.7-
0.52 
0.79 
2.6775 
3.66 
100.84 
25.01 
. Cj^ W 
^^i'^% 
Min. 
3,21 
4.32 
53.00 
11.00 
2,08 
1.16 
2.98 
0.18 
•0.17 
0.00 
0.66 
1.40 
1.54 
96.57 
11,97 
i r a R i ^ ^ 
'BW»*"'0 "^ 
Mas. 
14.11 
12.10 
61.00 
11.10 
4,77 
2.12 
5.00 
0.78 
0.39 
1.88 
1.29 
1.61 
6.44 
98.50 
14.66 
Avr. 
6.02 
6.32 
57.00 
11.03 
2.99 
1.76 
4,01 
0.44 
0.24 
0.85 
0.91 
1.47 
4.50 
97.53 
12.90 
FeT = Total Iron 
Samples 1-6: Primary managnese ores from Bangantvalasa and Garividi blocks; Samples 7-30: Secondary 
manganese ores from Kotakara, Perumali. Sadanandapuram, Salur and Garividi blocks, district, Vizianagram, 
(A.P). 
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Table 13 Range of Variation of major elements expressed as wt% in the primary and 
Secondary manganese ores, district Vizianagram, (A.P). 
< > " - ^ 
category 
Qxideis) 
i SKh 
AljOj 
::!i.fiio 
FeO 
FCiO} 
; TIOs 
;• FjOs 
CaO 
a%o 
B«0 
- -Jf«sO; • 
l&O 
UOI 
TOTAL 
• 'FftT :. 
Mill. 
Wt% 
}0.0> 
9, OS 
16,50 
!4.45 
6,7S 
0.09 
o.Oi; 
0.98 
0 ,1 -
0.12 
0,62 
1,07 
1,60 
98.81 
22,13 
Primary ore 
(samples 1-6) ' 
Max 
wt% 
,?5,09 
19,00 
.=!S,30 
21,45 
10 34 
1 09 
0,9S 
4,30 
1 22 
0,86 
LSS 
1.90 
~,92 
99.92 
29,62 
Avr, 
Wt% 
)6.n 
12,89 
31,2-
19,09 
S S4 
0.79 
0 58 
! 7J 
0 60 
0,41 
0,92 
1,43 
3,9" 
16,71 
12,S9 
Mill 
Wt% 
3,01 
1,09 
41,SS 
9.00 
2 00 
0.03 
0,2! 
0.11 
O.OS 
0.00 
0,41 
1.39 
1.30 
95.10 
10.1-
Secondary' ore 
(samples 7-30> 
Max. 
W{% 
14 n 
16,21 
64,33 
19,99 
12,97 
5,12 
6,50 
1.24 
1,09 
1.88 
1.39 
3.S5 
9,57 
108,38 
30,94 
• ,~_ 
Avr. 
Wt% 
5,35 
5.74 
56.52 
12.46 
3.93 
2.27 
5.30 
0.50 
0.59 
0.59 
0.89 
1.84 
4.59 
98.53 
15,13 
•jir FeT = Total Iron 
Table 14 Important elemental ratios of some major elements of the secondary manganese 
ores, district Vizianagram, (A.P). 
Ratio - (Samples 1-6) -• ^ 
XfiilKiT ' 
,Si.'Al. 
- k 
Si /Ti ' .•,• 
CV-Mg • 
: >ia/K y \ 
1.27 
1.43 
47.39 
3.17 
0.70 
4.17 
1.59 
12.90 
1.75 
2.34 
Samples 1-6: Primary managnese ores from Bangaruvalasa and Garividi blocks; Samples 7-30: 
Secondary manganese ores from Kotakara, Perumali, Sadanandapuram, Salur and Garividi blocks, 
district, Vizianagram, (A.P). 
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Table 15 Comaprative major element data expressed as average Wt% from different types 
of sedimentary manganese ores of the world. 
Coimtn •• Turkfv ' " Tnikej-'" "•^ •'' Arg'iB shirt AJi^dii f*1:s5»,In&i ^ . ^ . . .^. 
(Gtai-si^ ) (SediHitnMn (\'alcait& (Sedimenian' Mel»- | •'Nieti- **'-r,'RJet»»';«^w 
-Biaeneuc) Sedimeniin} freshnaicr) seilicieucary s»diufut:iini-' stdimtolt^ 
(No, o f - + 
saiupleij 
Eleuitntj 
SiO. * 
TiO: 
.\1.0, 
Fe.Oj 
.MnO 
M^O 
CaO 
NaiO 
K^O 
P-0. 
,3 
_ _ 
33.39 
i r 
IS.96 
D.39 
0.56 
D.31 
l - ' i 
63.02 
0 ^i-
-j.6: 
G.6S 
29.22 
D.2'} 
D.24 
D.D: 
O.ll 
D.D-t 
|>A; 
iS.lo 
.- v4 
0.:f 
0.52 
3;.iO 
0.1? 
4 . 1 : 
0.04 
0,10 
0.10 
1^ . 
OS.li 
0.30 
9.6; 
3.1; 
31.4S 
0.61 
LJl 
l ."i 
2.13 
:.31 
• • • ' 1 
30.60 
I.IS 
S.4; 
3.11 
2147 
119 
1.31 
1.4c 
i.-s 
;,0S 
IS) 
30.31 
1.44 
s.s: 
2.-3 
2S41 
0.93 
1.41 
1.29 
152 
6.01 
Table 16 Comaprative major element data expressed as average Wt% from various 
hydrothennal and marine manganese ores of the world. 
''i»DjpIes)j| 
IfemraM 
• SiO; ' 2.02' 
.110-.^ i:^ 
r^AInOi^, 4S.52' 
\*ii^^ :.64^ 
JxK^Diif' CJ2* 
; ^ i ^ o ; • ^ ^ 0.(4" 
T --1 
0.:-
• T 
^ •' 
,?.}2 
: .:S 
D.5" 
•• , • ; ; 
• -\t 
liM 
';.;0 
2.4S 
X "' 
6 : , 1 
:.?? 
4.55 
. - • ^ ' 
O.O0 
:S.1$ 
I.J4 
055 
:.^:2 
j2.fi 
0.]? 
115 
l.i-^ 
m 
4C.,;6 
D.Co 
m 0.20 
42.06 
0' ' ' ' 
!.65 
.•: • • 
0.2^ 
* Dflto sources for tables 15-16; Gultekin, 1998, Mohapatra et al, 2009 and Siddiquie andBhat, 
2010. 
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Table 18 Range of variation of the trace elements in the primary and secondary ores of district 
Vizianagram, (A.P). 
(Suiuplcs) 
, KU'iuoiU 
Ni 
Cu 
Co 
• Sr 
o-
Mo 
• Li 
. Pb 
• Zn 
* Zr 
1 
Miiiiiiiiiin 
507.00 
116.39 
432.00 
55.00' 
209.00 
59.00 
321.00 
322.00 
488.00 
188.00 
rrimary-oic 
M:i\iiiiiiiii 
1782.00 
600.00 
588.00 
321.00 
354.00 
278.33 
721.00 
577.00 
812.21 
544.00 
' • • . ' • • - _ • > 
SMTlllil-
1244.60 
378.86 
530.80 
115.49 
259.42 
149.86 
459.20 
451.00 
548.40 
382.40 
f»» -^" ,^!Pi«!wi|»" 
Miiiiniiiiii 
789.00 
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472.00 
61.00 
212.00 
55.80 
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21.65 
49.66 
34.99 
M:i\iii i i i i i i 
2301.00 
2890.00 
1765.11 
1043.21 
312.00 
314.00 
421.00 
322.00 
434.20 
321.00 
\\l.Tiiyi' 
1500.54 
1264.48 
866.38 
254.06 
263.90 
103.79 
220.31 
169.36 
186.87 
154.73 
Important trace eleinental ratios (in ppm) of the primary (average of 6 samples) and secondary 
manganese ores (Average of 24 samples) of district Vizianagram, (A.P). 
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< \ i I I I I 
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Ni/Cu 
Cu/Co 
Cu/Cr 
0.97 
3.29 
0.71 
1.46 
4.63 
1.19 
1.46 
4.79 
•* Samples 1-6: Primary managnese ores from Bangaruvahsa and Garividi bloch; Samples 7-30: Secondary 
manganese ores from Kotakara, Penimali, Sadanandapiiram, Salur and Garividi bloch, district, Vizianagram, 
(A.P). 
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Table 22 Trace element concentration (in ppm) from different hydrothermal and marine 
manganese ores of the world. 
Ref. >o. 
^llincnt 
Genesis 
6 . 8 3 
Qab> Bare (Arndill> (Indian 
(NTRacitle) . Bajitfshire) . Ocean) 
4,5, ! . . r f ^ . ^ . 
Cu 
Cr 
fir 
Pb 
'B-: 
300.67 
226.00 
135.33 
8.89 
877.44 
NA 
123.22 
9.22 
0.45 
1.10 
36 
72.00 
11 
46 
NA 
49.00 
64.00 
NA 
0.31 
0.17 
300.7 
226.0 
135.3 
8.9 
877.4 
NA 
123.2 
NA 
0.5 
1.1 
167 
26.00 
59 
26 
2100 
NA 
49.00 
0.35 
1.20 
300.67 
226.00 
135.33 
8.89 
877.44 
NA 
123.22 
9.22 
0.45 
1.10 
352.00 
1174.00 
118.00 
7.00 
483 
14.00 
129.00 
NA 
352.00 
NA 
Table 23 Trace element concentration (in ppm) from different sedimentary and metasedimentary 
manganese ores of the world. 
(Repwii)/: 
Elepi^t 
Gene$is 
'; (}(rancisco • • (pnss.a,. = 
'=^- USA) India)* Turkfiv) • ""-^ v^ -^ ChiJiH)'"^ ^ Prill §iVOfldi«ry •f7%y s-aimri^ rrmiu&m jnffoamry 
Hi •• 89.39 
31.03 
4.77 
107.00 
741.34 
16.49 
137.36 
NA 
0.05 
0.03 
1907.8 
3039.7 
2842.6 
297,8 
762.5 
170.1 
977.3 
163.9 
NA 
NA 
167.0 
26.0 
59.0 
26.0 
2100.0 
N.A 
49.0 
NA 
04 
1.2 
69.4 
154.9 
25.2 
13.7 
243.4 
6.5 
66.7 
NA 
0.4 
0.4 
89.39 
31.03 
4.77 
107.21 
741.34 
16.49 
137.36 
NA 
0.05 
0.03 
1244.60 
378.86 
530.80 
264.42 
115.49 
451.00 
548.40 
382.40 
NA 
NA 
1500.54 
1264.48 
866.38 
263.90 
254.06 
169.36 
186.87 
154.73 
NA 
NA 
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Chapter 6 
Geochemistry of the khondahtes and Charnockites 
6.1 General statement 
Geologically, the study area represents one of the few documented high a of the 
most Precambrian Formations, it is also difficult and often impossible to determine the age 
of the latest metaraoiphic episode and the superposition of the metasedimentary sequence is 
difficult to determine (Roy, 1981; Dobmeier and Raith, 2003). The entire EGGB records the 
blueprint of both Greenvillian and Pre Greenvillian high grade metamorphism (Mezger and 
Cosca, 1999; Bhattacharya and Kar, 2002 and 2004), Some findings emphasized that the 
belt possibly represents a collage of several crustal provinces (Bhattacharya and Kar, 2002). 
Sedimentary parentage is evident for the khondalitesuite in the region including the calc-
silicate rocks in some parts (Sen et al, 1995; Bhowmik, 1997; Sen and Bhattacharya, 2000). 
The variation of the geochemistry among the charnockites of the study area is widely seen 
in the literature (Siddiquie and Raza. 1990), Raju and Rao (2001) and Siddiquie and Bhat, 
(2010). The kliondalites including calc-silicate-granulites, garnetiferous quartzites, and 
gamet-sillimanite-gneiss hosting the manganese ores of the study area are confonnable and 
co-folded syn- sedimentary foimations (Roy, 1966). The intimately conformable and co 
folded khondalites and charnockites of the studied terrain witness some lenses of calc-
silicate granulites associated with the manganese ores. The Calc-silicate rocks variously 
mentioned as calc-gncisses by Fermor (1909) and calc-granulites by previous workers like 
Krishna Rao (1964 and, 1966), Siddiquie (2004) Siddiquie and Bhat (2010) were syngenetic 
with the manganese formations and were metamoiphosed isofacially. The granitic and 
migmatitic activities of different intensities at different stages of the geological history in 
the region led to the complex geochemistry of the study area. The present study area is 
mainly dominated by the different members of the khondalite with a some chamockite 
outcrops and the entire sequence of the manganese bearing khondalite-chamockite terrain is 
regarded as metasedimentary (Mahadevan and Rao, 1956; Siddiquie 2004; Siddiquie and 
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Bhat 2010). The manganese ore bearing strata of the present khondalite-chamockite terrain 
are the high grade granulites of EGGB and consists of an assemblage of metamorphosed 
argillaceous meta-sediments (garnet-sillimanite-gneiss as at Garbham, Chipurupalle and 
adjoining areas), arenaceous quartzite and garnetifcrous quartzite) as at Garbham, Koduru, 
Perappi and Avagudem and calcareous sediments, calc-silicate-granulite and gneisses) as at 
Koduru and Gadabavalasa areas (Siddiquie, 2004; Siddiquie and Bhat, 2010). The calc-
silicate-granulite, quartzite and khondalites being syn-sedimentary formations are 
conformable and co-folded (Roy, 1966). The Calc-silicate rocks of the teiTain are also 
known as calc-gneisses (Fermor, 1909) and calc-granulites (Rao, 1964, 1975) are reagaded 
as syngenetic with the manganese formations later metamorphosed isofacially. 
Subsequently, granitic and migmatitic activities of different intensities took place. Fclsic 
veins, pegmatite veins and quartz veins (Figures 2.3b and d) have been intruded into 
khondalites in the present khondalite-chamockite terrain (Siddiquie and Bhat, 2010). In 
metapelites the alternate bands of quartzofeldspathic and mafic layers are due to the 
dehydration, melting and segregation during first metamorphic episode (Bhowmik et al, 
1995). 
Field observations of the Kliondalitcs and charnockites of Vizianagram, district 
display regional cleavage, foliation, fold Uncation traversing the terrain, kink bands are 
frequently observed in these metapelites (Siddiquie, 2004). The charnockites (mostly 
hypcrsthene granite gneiss) occur as intrusive bodies with the klrondalites in the study area. 
The layered nature of the khondalites and charnockites of the Vizianagram, terrain can be 
attributed as a similarity of shallow levels of emplacement in relatively stable environments 
prior to the multiple episodes of deformation, (Jackson and Thayer, 1972). In view of the 
complex structure of the most Precambrian Formations it is also difficult and often 
impossible to determine the age of the latest metamorphic episode and the superposition of 
the metasedimenatry sequence (Roy, 1981). The terrain shows outcrops of metapelites on a 
major scale with dominant members as garnet-sillimanite-gneiss in Vizianagram, (Sharma et 
al, 1974). Similar findings were reported from the Garividi, Garbham and Chipurupalle 
areas of the study area by Siddiquie (2000). Calc-silicate-granulites and quartzo-feldspathic 
gneisses are seen hosting the Mn-silicate carbonate rocks in Kotakara-Garbham area of 
Vizianagram, (Mukhopadhyay et al, 2005). The major rock types include various members 
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of khondalites are believed to be metasediments. The exposures of metapelites witness 
granulite grade of metamorphism by preservation of gneissic banding, melanocratic and 
leucocratic layers in various rock types (Figures 2.3c; 2.4a, d and f). The presence of the 
various types of charnockites in the vicinity of the khondalites in the studied terrain is a 
clear cut evidence of metamorphism and charnockitization and formation of the metapelites. 
According to Bhattacharya et al (1984), the basic charnockites in the region are 
metasediments while as the intemiediate and acid charnockites in general are the result of 
increasing feldspathization of basic members. According to Taylor and McLennan (1981), 
the upper crust formed during Archaean-Proterozoic period is granodioritic to granitic in 
composition. 
6.2 Major elements of the khondalites and charnockites 
Sixteen representative host rock samples including four samples of each Gamet-
sillimanite-gneiss (GSN), Calc-Silicate-Granulite (CSG), Garnetifeious Quartzite (GQT) 
and charnockites (CHR) from the manganese ore bearing khondalite-chamockite terrain of 
district Vizianagram, (A.P) were analyzed for geochemical studies. The major and selected 
trace element data obtained for sixteen samples are given in table 5.6. The average values of 
the khondalites of Vizianagram show a sharp variation in chemical compositions with 
respect to SiO ,^ AI2O3, FeiO;!, CaCO? and K2O among major elements (Figure 6.1-6.3). In 
general, the khondalites and charnockites of the study area are enriched in silica, alumina. 
Iron and alkalis and deficient in magnesium and sodium. The present khondalites fall as 
three distinct rock types as high silica, low alurninum and low silica and high alminium as 
shown in Figure 5.31 with significant variation in other major, minor and trace element 
concentrations. The different types of the khondalites and the charnockites of the study area 
shows contrast in major elements as seen in the variation diagram (Figure 5.19-5.20) 
however, both khondalites as well as charnockites are enriched in silica but the GQT and 
CHR samples are more enriched in silica than other types suggesting that the two sets of 
metasedimentary units differ chemically, possibly due to original lithology or the later 
mctamoiphic overprint. The studied kliondalitcs arc depleted in Na20, MgO and distinctly 
enriched in SiOa, AI2O3 and K2O indicating the granitic contribution from the provenance. 
The abnormally higher values of Si02, AhO^ and Fe203 with least contents of MgO, Na20 
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in khondalites and charnockites are due to the presence of quartz, feldspars, biotite and the 
absence of magnesian and sodic minerals respectively. The various major elements in the 
present khondalites and charnockites are detailed as follows; 
6.2.1 Silica 
The present khondalites and charnockites show wide variation in Si02 values 
ranging 92.68 to 55.59 Wt% (Table 25). The highest values of Si02 are observed in GQT 
followed by the CHR, GSG and lowest in CSG (Figures 5.17- 5.19). In present khondalites 
and charnockites, the Si02 values fall in the order of GQT > CHR > GSG > CSG. Among 
the khondalites samples the CSG arc least siliceous with average values of 55.59 wt% 
followed by GSG (65.22 wt %), CHR 78.86 wt% and GQT (92.68 wt %) of four samples of 
each rock type (Table 21). Higher values and wide variation of SiOi with polymodal nature 
have also been reported from these rocks by Krishna Rao (1967) and Siddiquie (2004). The 
Very high Si02 values in GQT samples reflect dominance of quartz over feldspars and can 
be attributed to the high stability of quartz in wide range of PT conditions. With increase in 
Si02 there is increase in AI2O3 as seen in the correlation between SiOj and AI2O3 in the 
studied CSG samples (Table 31). The strong positive con'clations between the oxides of Si-
Ca, Si-P and Si-K m CSG; Si-Al, Si-Fc in GSG and CSG; Si- Mg in CHR samples (Tables 
26-29). Strong negative coiTclations were observed between Si-Mg in GQT; Si-Mn, Si-Ti, 
Si-K, Si-Ca and Si-Mg in CSG and Si-Al, Si-Ca, Si-K and Si-Na in CHR samples (Tables 
26-29). The positive con-elation between the oxides like Si-Al, Si-Fe, Si-K in these 
khondalites is attributed to K-feldspars and bitotite minerals while as the negative Si-Al 
corelation (Table 29) in charnockites suggests dominant weatehring control. The positive 
coiTclation between Si02 and K2O and a slightly positive correlation between Na20 and 
Si02 suggests the dominance of feldspars over plagioclase minerals in the khondalites. The 
positive correlation of Si02 with CaO (Table 28) and can be assigned to the fact of 
preferential uptake of Ca by calcium silicate minerals from the sedimetary protolith. The 
Si02 Vs AI2OJ plot (Figure 6.3a) shows CSG, GSG and CHR samples fall close to UCC and 
PCM after Rudnick and Fountain (1995). 
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6.2.3 Aluminum 
The AI2O3 in the studied khondalitcs and charnockites varies in the order of GQT > 
CHR > GSG > GQT. The average values of AI2O3 (wt %) in the samples of each of these 
rock types are 17.36, 12.33, 8.85 and 3.16 in GSG, CSG, CHR and GQT respectively (Table 
25). Nearly similar values of AbO;, were also reported from the khondalites of the study 
area by Krishna Rao (1967) and Siddiquie (2004), later also showed polymodal nature of 
AI2O3 in these rocks. The average AI2O3 values from the granulites from different parts of 
the world as reported by various workers (Table 32). The comparison shows good similarity 
between the present kliondalites except GQT and charnockites with these granulites 
suggesting similar tectonic and geochemical environment of formation. The strong positive 
coiTclations between the oxides of Si-Ca and Si-K in GQT; Si-Fe, Si-P and Si-Mg in GSG; 
Si-Fe, Si-Mn, Si-Ti, Si-P and Si-K in CSG; Si-Ca, Si-K in CHR samples (Tables 26-29). 
The negative correlations between the oxides of Si-Ca and Si-K in GQT; Si-Fe, Si-P and Si-
Mg in GSG; Si-Fe, Si-Mn, Si-Ti, Si-P and Si-K in CSG; Si-Ca, Si-K in CHR samples 
(Tables 26-29). The negative con'elations between the oxides of Al-Ca and Al-K in GQT; 
Al-Mn, Al-Ti and Al-K in GSG; Al-Ca, Al-Mg in CSG; Al-Mg in CHR samples (Tables 26-
29). These correlation clearly suggest the dominance of alumino silicate minerals with 
moderate amount of spessartite in CSG and GSG samples. In the Si02 /AI2O3 vs (CaO + 
Na20) /K2O diagram (Figure 5.22), GSG and CSG mainly fall within the shale field, while 
as m the K2O -Fe203 -AI2O3 ternary diagram (Figure 5.26), GSG, CHR and CSG lie 
predominantly within clay residues and North American Shale Composite (NASC) field, in 
accordance with the trend for dominant contributions of granite and tonalites from source. 
The higher values of AI2O3 for both khondalites and charnockite with slightly lower values 
in GQT samples as seen in the bar charts (Figures 5.16a-d) and the plots of (CaO+NaO) -
K2O-AI2O3 (Figure 5.29) showing an intennediate trend, indicate weathered AI2O3 rich 
source and or erosion of tectonically, or volcanically active source. The high correlations 
between K2O and AI2O3 in the khondalites indicate a linear mixing of silicate and aluminum 
phases. 
178 
6.2.4 Iron 
Fe203 shows a decreasing trend of concentration as GQT> CSG > CHR > CHR in 
the kliondalitcs and charnockitcs of district Vizianagram, A. P. The average values of FeiOS 
(wt %) in the samples of each of these rock types arc 9.16, 3.57, 2.45, 1.60 Wt% 
respectively (Table 25). The iron rich character of the metasediments of the study area was 
also reported as Iron rich metasediments by Siddiquie and Raza (1990). Khondalites 
especially GSG are more rich in FeiOs while as charnockites are Fe poor (Figure 6.1-6.2). 
The high FeiO} in CSG and the highly positive correlation of Si02 -Fe203 is also due to 
addition of sccondryy iron (limonitization) in these rocks. The positive con-clations between 
oxides of Si-Mn and AI-Mn can be ascribed to the presence of spcssartite [Mn,iAl2(Si04)3] 
in some primary manganese ores and is in accordance with the Krishna Rao (1956b) and 
(Siddiquie, 2004). The enrichment of Fe^ Os goes against AI2O3 and K2O concentration 
which suggests shale precursor in accordance with Li and Schoonmaker (2004). The present 
metasediments were classified using the Log (Fe203 /K2O) vs log (Si02 /AI2O3) shown in 
Figure 6.9 under the scheme of Herron (1988) and Roddaz el al (2006). In this classification 
scheme the present khondalites fall close to shale-grcywacke-arkose fields (Figure 6.21) 
while as charnockites fall close to iron rich shale field on account of low K2O high CaO 
contents. Bhattacharya (2012) also suggested Fe rich shale precursor sedimentaiy protolith 
for the khondalites of the region. The high Fe203 content in the khondalites of the study area 
has been attributed to the feiTomagnesium source rocks by Siddiquie (2004) and to the Fe 
rich shale source by Bhattacharyya (2012). Their anomalous geochemistry of some samples 
can be attributed to the presence of fine intercalations of mafic volcanic rocks which is also 
evident in the presence of chlorite and hornblende in them. 
6.2.5 Calcium 
CaO shows a decreasing trend of concentration as CSG > CHR GSG > GQT 
(Figures 6.4e-h and Table 25) in the khondalites and charnockites of district Vizianagram, 
(A.P). The average values of CaO (wt %) in the samples of each of these rock types are 
17.63, 0.62, 0.50 and 0.22 Wt% respectively (Table 25). The CaO rich character of the CSG 
of the study area is due to low Fe and high Ca bearing mineral assemblage in these samples. 
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The geochemical specialization of the analyzed samples shows elevated concentrations of 
CaO in calc-silicate-granulites (CSG) than other kliondalites (Figures 6.4e-h) indicating the 
original Ca rich protolith. The Si vs CaO scatter plot (Figure 6.5c) of the kliondalites and 
charnockites shows the ftir higher values of CaO in CSG than other members. The combmed 
Fe203+ MgO Vs AI2O3 / (CaO+Na20) tectonic discrimination diagram of Bhatia (1983) as 
seen in figure 6.13 indicates the PCM type of setting for CHR and GQT members and wide 
scatter of the other khondalites. The chamockite samples fall close to iron rich shale field on 
account of low K2O high CaO contents. The K-Na-Ca ternary plot (Figure 6.18) shows that 
the khondalites and charnockites are close to tonalites and trondhjemites but have a wide 
range of chemical composition with a good association of granitophile trace elements. The 
ternai7 plot of (CaO+NaO) -K2O-AI2O3 (Figure 6.21) showing an intermediate trend, 
indicate weathered AI2O3 rich source and or erosion of tectonically active source. The CaO-
Na20-K20 plot (Figure 6.18) for the khondalites and charnockites suggest the dominance of 
granitic rocks in the provenance, while as higher CaO in CSG suggests calcareous protolith 
for CSG respectively. The binary plot between (Fe203+ MgO) Vs AI2O3 / (Ca0+Na20) 
tectonic discrimination diagram (Figure 6.13) after Bhatia (1983) suggests the PCM type of 
setting for CHR and GQT members and wide scatter of the other khondalites, district 
Vizianagram, (A.P). However the ternary plot of Na-Ca-K (Figure 6.18) shows the calc-
alkaline trend of charnockites and trondhgemitc trend of khondalites while as the ternary 
plot of CaO- (Fc+MgO) -AI2O3 (Wronkiewicz and Condie, 1989), showing typical 
metapclite composition of the khondalites (GQT, GSG, CSG) and charnockites (CHR). The 
figure 6.18 Temaiy plot of Na-Ca-K showing the calc-alkaline trend of charnockites and 
trondhgemite trend of khondalites, district Vizianagram, (A.P). The ternary plot of CaO-
(Fe+MgO) -AI2O3 after Wronkiewicz and Condie (1989), showing typical metapelite 
composition of the khondalites and charnockites as seen in figure 6.19 while as the 
molecular Al: (CaO-Na20) - K2O diagram after Bhatia (1983) suggests granodiorific 
compositional similarity of the charnockites, district Vizianagram, (A.P). 
6.2.6 Manganese 
MnO shows a decreasing trend of concentration as CSG > CHR > GQT > GSG in 
the kliondalites and charnockites of district Vizianagram, (A.P). The average values of MnO 
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(wt %) in the samples of each of these rock types are 1.80 0.82, 0.36 and 0.24 wt% 
respectively (Table 25). Khondalites especially CSG are more rich in MnO than other 
khondalites and charnockites as seen in the bar charts of average MnO of the four samples 
of each of GSG, GQT, CSG and CHR arc shown m Figure 6.4i-i. The Si/Mn ratios 271.73, 
254.32, 95.82 and 30.88 were GSG, GQT, CHR and CSG respectively as seen in table 26. 
SiOi -MnO shows a wide scatter of khondalites and charnockites as seen in figure 6.7a. The 
various positive correlation Mn-Fe in GQT (Table 30); Mn-Si, Mn-Al and Mn-Fe in CSG 
(Table 32). The positive correlation of Mn with Si, Al and Fe has been attributed to the 
presence of spessartite in CSG. Manganese garnets in the present khondalites were earlier 
reported by Krishna Rao (1954) and Siddiquie and Raza (2008). 
6.2.7 Titanium 
TiOi shows a decreasing trend of concentration as GSG > CSG > CHR > GQT in the 
khondalites and charnockites of district Vizianagram, (A.P), The average values of Ti02 (wt 
%) in the samples of each of these rock types are 1.00, 0.63, 0.09 and 0.06 Wt% respectively 
(Table 25). The TiOa is higher in khondalites especially the GSG and CSG than in 
charnockites as seen in bar charts (Figures 6.1 and 6.4i-l). The highest AI2O3 /TiO^ values are 
seen in CHR samples as 104.12 followed by GQT as 53.60, GSG as 17.36 and CSG as, 19.72 
respectively (Table 26) suggesting the felsic source as the AhOi resides in feldspars while as 
Ti reside in mafic minerals. The Si02 /TiOj plot (Figure 6.6a) shows a wide scatter of the 
khondalites and charnockites. The Ti02 values of the present khondalites are almost similar to 
the metapclites from Charles Mountain (Sheraton, 1980); Pre-Cambrian metapelites from 
Eastern Ghats (Rao, 1983) and metapclites from dakshin Gangotri, Antarctica (Govil and 
Balram, 1998) as seen in Table 27 sugcssting some tectonic and geochemicai similarity of the 
rocks. The binary plot (Fe203^ MgO) Vs Ti02 after Bhatia (1983) seen in figure 6.14 
suggests dominantly the PCM type of setting for the khondalites and charnockites, district 
Vizianagram, (A.P). However the substantial evidences favour the PCM type environment for 
the depositional of the protolith. The geochemicai comparison of present khondalites with the 
rock types of different tectonic settings (Bhatia, 1983, 85; Bhatia and Crook, 1986) as seen in 
tabic 35 suggests a dominant PCM control. 
6.2.8 Phosphorus 
P20,-s shows a decreasing trend of concentration as CHR > CSG > GSG > GQT as 
seen in figures 6.4i-l. The average vahies of P2O5 in four samples of each of these members 
of the Idiondahtes and charnockites of district Vizianagram, (A.P) are as 0.31, 0.29, 0.10 
and 0.04 respectively as seen in table 25.P2OS shows a strong positive con-elation with Si, 
Al, Ca In GQt samples (Table 30); Al and Ca in GSG (Table 31); Si, Al, Mn, Ti, Na and K 
in CSG (Table 32) and with Na in CHR (Table 33). The positive correlation of phosphorus 
with Si, Al and K has been attributed to the presence of aluminophosphate minerals formed 
from leucophosphates as a result of reaction of phosphate rich solutions with clay minerals. 
The strong positive coirelation of P2O5 with FciOi in CSG suggests a clear ferruginous 
nature of phosphate minerals as observed in the associated manganese ores. The higher 
values of P2O5 in these manganese ores and host rocks has been a long debate for many 
workers (; Krishna Rao and Venkataramaraju, 1966 and Siddiquie (2001a). The major 
source of P2O5 in these rocks is apatite and spessartite, which are the common constituents 
of rocks of the Gondite and Kodurite in EGMB. The presence of P2O5 and the trace element 
correlations and the presence of apatite minerals in these rocks suggests their metaraorphism 
in hydrous environment in accordance with Wager and Mitchell (1951) and Sidiquie and 
Bhat(2010). 
6.2.9 Magnesium 
MgO shows a decreasing trend of concentration as CSG > GSG > CHR > GQT as 
seen in figures 6.4i-l. The average values of four samples of each of these members of the 
manganese ore hosting khondalites and charnockites are 2.34, 0.58, 0.48 and 0.04 wt% 
respectively (Table 25). The bar charts (Figures 6.4 e-h) confimi the lower values of MgO 
than CaO, K2O and Na20 in both khondalites and charnockites. The lower values of MgO 
indicate less mafic components from the source rocks (Siddiquie, 2004). At the same time 
high FeT values can be attributed to shale sources. The positive correlation between Mg-Fe 
in GQT (Table 30); Mg-Al and Mg-Na in CSG (Table 31); Mg-Ca (Table 32) in CSG are 
generally attributed to the presence of orthopyroxenes and other aluminosilicate minerals in 
these rocks. The average FeT/MgO values in comparison to the metasediments (Table 35) of 
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3.3, 55, 15.80 and !.52 for CHR, GQT, GSG, CSG suggests a diverse mineralogical 
variation in the present khondalites and charnockites of district Vizianagram, (A.P). The 
ternary plot of CaO- (Fe+MgO) -AI2O3 (After; Wronkiewicz and Condie, 1989), as shown 
in figure 6.19, indicates typical metapelitc composition of the khondalites (GQT, GSG, 
CSG) and charnockites (CHR), district Vizianagram, (A.P). The binary MgO Vs K2O + 
Na20 tectonic discrimination diagram (Bhatia, 1983) suggests PCM type environment as 
seen in figure 6,15.The binary plot (Figure 6.16) FeO + MgO vs K2O + (Na20/K20) plot 
(Chacko et aU 1992) suggests the PAAS and Arkosic compositional similarity of the 
khondalites and charnockites, district Vizianagram, (A.P). While as the Fe203+ MgO Vs 
Ti02 tectonic discrimination diagram (Figure 6.14) of Bhatia (1983) shows dominantly the 
PCM type of setting for the khondalites and charnockites of the study area. However the 
substantial evidences favour the PCM and continental crust for the depostional environment 
and protolith. The geochemical comparison of present khondalites with the rock types of 
different tectonic settings (Bhatia, 1983, 85; Bhatia and Crook, 1986) suggests a dominant 
PCM control. 
6.2.10 Potassium 
K2O in the present khondalite and charnockite samples shows a decreasing trend 
of concentration as CHR > CSG > GSG > GQT with an average values of 5.48, 2.91, 2.64 
and 0.17 wt% respectively (Table 25). The average variation of K2O in all the analyzed 
samples are shown in figures 6.4e-h. The high K2O as observed in the present khondalites 
(Tables 24-25) of the study area is attributed to the dominance of K-felspars associated to 
granitic intrusions in the area (Krishna Rao, 1954, Siddiquie and Raza, 1990, Siddiquie and 
Bhat 2010; Sen and Bhattacharya, 1997, 2000; Bhattachaiya and Kar (2002). The bulk rock 
geochemical studies of the present khondalites reveal little variations in Na20 and K2O in the 
GSG samples suggesting weak effect of high-grade mctamoiphism on some compositions of 
K-feldspars and mobility of some elements. The various correlations between the major 
oxides of the different kliondalile members show a varied inter elemental correlations (Tables 
28-30). Significant positive con-elations between K2O - AI2O3 (Tables 28, 31) in the GQT and 
are due to the presence feldspars in these rocks. The binary plot (Figure 6.9) of Log (Fe203 
/K2O) vs Log (Si02 /AI2O3) after Roddaz et al (2006), suggests a Shale-Arkose sequence for 
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the khondalites (GQT, GSG, CSG) and charnockites (CHR), district Vizianagram, (A.P). The 
binary K2O/AI2O3 vs Na.O/AbOi plot after Chako. el a! (1972) of khondalites (GQT, GSG, 
CSG) and charnockites (CHR) of district Vizianagram, showing close similarity with 
scdimcntaiy and metasedimcntary rocks. The binaiy plot of K2O/AI2O3 vs Na20/Al203 plot 
(Figure 6.10) after Chako. el a! (1972) for the khondalites (GQT, GSG, CSG) and 
charnockites (CHR) of district Vizianagram, (.^.P) indicates them as sedimentary and 
metasedimcntary rocks. The Si02 Vs K20/'Na20 tectonic discrimination diagram of Roddaz et 
al (2006) seen in figure 6.11 indicates PCM type of setting for CHR, GQT and GSG members 
and wide OIA scatter of CSG members of the khondalites and charnockites, district 
Vizianagram, (A.P). The binary plot Fe203+ MgO Vs K2O + Na20 tectonic discrimination 
diagram after Bhatia (1983) seen in figure 6.15 suggests a dominant PCM type environment 
for the khondalites (GQT, GSG and CSG) and charnockites (CHR), district Vizianagram, 
(A.P). High K20/Na20 ratios in (Table 26) as well as the ternary plot K-Na-Ca (Figure 6.18) 
shows considerable enrichment of potassium in them revealing their derivation from 
continental sources (Donaldson and Jackson, 1965; Ojakangas, 1985). 
6.2.11 Sodium 
The average sodium shows a decreasing trend of Na^O as CHR > GSG > GQT > 
CSG (Figures 6.4e-h) with an average values of 1.32, 0.82, 0.50 and 0.54 respectively in 
four samples of each member as seen in tabic 25.Low Na^O in the present khondalites are 
due to negligible amount of sodic plagioclase while as higher CaO suggests calcareous 
protolith respectively. The Calc-Silicate granulites show a wide variation of Ca with high 
Na/K ratio (Table 26), however, the ternary plot Na-K-Ca (Figure 6.18) shows calc-
alkaline trend instead of trondjhemite trend with progressive K-enrichment in the GSG and 
CHR samples while as the Ca enrichment of CSG indicating a carbonate protolith and the 
later granitic intrusions in accordance with Siddiquie (2004) and Siddiquie and Bhat 
(2010). In case of the Si02 vs K2O plot (Figure 6.7c) the khondalites and charnockites 
show a relative K-cnrichment. The GQT samples have higher values of Si, Al, Fe203 and 
Na but lower values of P, K, MgO and Ti, while as the charnockites show elevated 
contents of Na and low K (Figures, 6.1-6,3). The positive correlation between Si02 and 
KiO and Na^O is due to the fact of abundance of feldspars in the khondalite members of 
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the terrain. These trends reilect the relationships between the elements of the source rocks 
and/or the behaviour of elements during weathering and deposition of the sedimentary 
protolith. Erickson and Donaldson (1987) documented the evidences to suggest granitic 
upper crust throughout the Archaean period, but they also indicated a notable gradual 
increase in granitic plutonism with younging in the Archaean times which is the possible 
reason for higher values of potassium in khondalites of Vizianagram. Enrichment of 
potassium indicates significant period of K-rich granitic plutonism during late Archaean-
early Proterozoic period in the area which has substantial evidences from the granitic 
intrusions and chamockite outcrops. The presence of dominant of K-rich rocks in the study 
area suggests fluid movements from mantle to the upper crust. High Si02, AI2O3 and K2O 
may also accounted for grcywackc or shale source by being rich in Si02, FeiO.^  and K2O 
and poor in Na20 and MgO. The Fe20.,+ MgO Vs AI2O3 / (CaO+Na20) tectonic 
discnmination diagram (After; Bhatia, 1983) seen m figure 6, 13 indicates the PCM type 
of setting for CHR and GQT members and wide scatter of the other khondalites, district 
Vizianagram, (A.P). PCM environment is also indicated by the Fe203+ MgO Vs K2O + 
Na20 tectonic discrimination diagram of Bhatia (1983) as seen in figure 6.15.However the 
Fe203+ MgO vs K2O (K20+NaO) plot after Chacko el al, 1992) seen in figure 6.16 for 
khondalites and charnockites indicates a dominant shale source with minor greywacke 
contribution. The K/Al Vs Na/Al discrimination plot (Saupe and Vegas, 1987) seen in 
Figure 6.17 shows Shalc-Greywacke compositional similarity of the khondalites and 
chamockites, district Vizianagram, (A.P). In the K2O -Fe203 -AI2O3 ternary diagram of 
Wronkiewicz and Condie, (1989) shown in figure 6.20, all the samples lie predominantly 
within North American Shale Composite (NASC) with some Granbdioritic (GR) and 
Tonalitic (TN) similarity, in accordance with the trend for dominant contributions of Shale. 
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6.3. Trace elements in khondalites and charnockites 
The concentration of the trace elements in the rocks is determined by its genetic 
type, mineral phases, major elements and the degree of weathering and alteration. The 
different elements were categorized as siderophile, chalcophile and lithophile by 
Goldschmidt (1937) on the basis of their chemical affinities detennined by the electronic 
configuration of their atoms. The presence of trace elements with the major elements in 
rocks is basically a function of inverse square law of electrostatic attraction applied to ionic 
lattice, however the concept of electronegativity is more understood as given by Ringwood 
(1955) and Paul and shappel (1930). The presence of trace elements in the rocks is a 
convenient tool in deciphering the geochemical enviromnent and tectonic conditions 
involved in their formation. In accordance with the general geochemical nature of 
Precambrian granulites. The granulite grade melamorphism in the Vizianagram, khondalites 
is very evident in the elemental concentrations. Trace elements can also be used to identify 
the palaeo tectonic setting oi' some volcanic rocks (i.e. to determine where they were 
erupted). In this case, rather than use the absolute concentrations of trace elements (which 
may have been affected by such post-magmatic processes as weathering, alteration or 
metamorphism), ratios of relatively immobile trace elements as these are least affected by 
post magmatic processes. Trace elements most commonly used for the interpretation of the 
petrogenesis of igneous rocks include: Ni, Cr, Sc, V, Rb, Ba, Sr, Zr, Y, Nb and the rare earth 
elements (La to Lu). Keep in mind that the concentration of trace elements will vary with 
the rock type; whereas Ni and Cr show higher concentrations in mafic and ultramafic rocks, 
Zr and Rb are more concentrated in acidic rocks. Accordingly, some major or minor 
elements as K and P, which occur in very low concentrations in basalts (approaching trace 
levels), are just as useful in petrogenctic interpretations as some trace elements (in the case 
of basalts only, .of course!). The incoiporation of a trace element in the crystal structure of 
one or more minerals depends largely on its charge and radius, but also on the 
electronegativity of this element and crystal field effects. Accordingly, a trace element will 
either substitute for a major element in the structure of a crystallizing mineral, or remain in 
the liquid. In addition to this simple classification of trace elements into compatibles and 
incompatibles, trace elements are perhaps better classified on the basis of their geochemical 
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characteristics, wiiich will naturally influence whether the element becomes compatible or 
incompatible. 
6.4 Trace elements in the selected samples 
The preliminary geochcmical study of the analyzed samples indicates that there are 
major variations in both major and trace concentrations in the studied kJiondalites and 
charnoQkites of the study area. The present khondalites and chamockites are strongly 
enriched in Cu, Co, Ni, Zn, Sr, Y and Zr as shown in but are moderately depleted in Rb, Th, 
U and Pb (Figures 6.22a-d). These general variation diagram of the analyzed samples of 
kiiondalites and chamockites of the studied terrain shows elevated values of Ni, Cu, Zn, Sr 
and Y in most of the samples with below detection values of Ta, Bs, Cs and Ba like trace 
elements suggesting a strong effect of high grade mctamorphism on the composition of the 
kliondalites and chamockites and that some elements may be mobilized. However, elements 
like Ga, Pb, Th, Rb and U generally show stable distribution patterns (Figures 6.22 -6.24) 
and good correlation can be documented among them, thus the majority of elements 
analyzed can be used to evaluate the protoliths and provenance. The analyzed khondalites 
and chamockites are mostly seen as LILE depleted with duality of some elements and 
higher values of Cu, Co, Ni, Zn, Sr, Y and Zr (Figures 6.24a-c). The depletion of LILE is 
the primary character of the granulites; however the duality in the behaviour of some trace 
elements is also common. Tarney and Windley (1977) and Iyer et al, (1996) also showed 
that there is duality in the behaviour of the lithophile elements of the granulites. On the 
whole, the trace element patterns of GQT, GSG, CSG and CHR resemble those different 
granulites and metasediments of the world (Table 37) indicating some similarity in source 
and tectonic environment. The trace elements of the present study can be discussed as in 
following categories; 
(1) Large Ion Lithophile Element.*; (LILE) 
(2) High Field Strength Elements (HFSE) 
(3) Transition Elements 
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6.5 Large Ion Lithophile Elements (LILE) 
The term large-ion lithophile element (or LILE) is frequently used, but poorly 
defined in the geochemical literature. Some authors use LILE as a synonym for 
incompatible (or hygromagmatophile) trace elements, whereas others use LILE to refer to a 
specific set of incompatible trace elements characterized by small charge to ionic radius 
ratio or low field strength elements (Saunders and Norry 1980). The tenn was is used to 
encompass the cations K, Rb, Sr, Cs, Ba, REE, Th and U. Li is also used included as a 
LILE, since it has a large radius to charge ratio, even though it is small. Because of the 
confusion in the literature regarding usage of LILE, it is recommended that the term be 
restricted to lithophile trace elements having small charge to ionic radius ratios and which 
also have ionic radii greater than those of Ca"" and Naj'', the largest cations common to rock 
forming minerals. These elements are characterized by large ionic radii and low charges and 
will therefore preferentially concentrate in the liquid until a particular phase with large 
enough sites to accommodate them begins to crystallize. These elements will therefore be 
largely "incompafible" particularly with respect to mantle phases (01, Opx, Cpx, Gt, .etc) 
including K, Rb, Sr and Ba also. Except for K, the present khondalites and chamockites 
hosting the manganese ores of the study area are characterized by the depletion of LILE 
such as Pb, Th, Rb and U and are in general agreement with most of the granulites of the 
world. The variation diagram and bar chart of HFSE concentration in all the sixteen samples 
of the khondalites and chamockites from district Vizianagram, (A.P) are shown in figures 
6.24a and 6.25a. The LILE can be discussed as follows; 
6.5.1 Lead (Pb) 
Lead shows a very irregular pattern of distribution as shown in variation diagrams 
and bar charts (Figures 6.22a and 6.23a) in the analyzed khondalites and chamockites, district 
Vizianagram, (A.P). The highest values of lead in the present rock types were observed in 
GQT followed by GQT > GSG > CSG > CHR (Figures 6.23a and 6.24a) in four samples each 
with an average values of 34.95, 14.48, 8.8 and 1.06 ppm rcspecfively (Table 36). Pb shows a 
strong positive correlation with Si. Al, Ti, Ca, P and Na among major elements in the studied 
khondalites and with Mg in chamockites (Tables 30-33). These correlations indicate its 
presence in the alumino-silicate minerals wherein Pb generally occurs as Pb'^ in the 
aluminosilictae minerals of the analyzed khondalites and chamockites. However negative 
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correlations with Ca are also evident in calc-silicate granulites. Among trace elements lead 
shows strong positive con-elation with U, Sc, Th, Nb, Cr, Zn and Sr in khondalites and 
charnockitcs (Tables 30-33) suggesting the presence of trace element complexes. Pb is a 
common constituent of K-feldspars which is widely observed in the khondalites and 
charnockitcs of the area under study, however Rankama and Sahama (1950) ascribed the Pb 
constituents of these rocks to the granitic intrusions. Pb"' has close crstallochemical similarity 
with Ca" """^  Sr * and its diadochical replacement is possible in the pyroxenes of the rocks 
(Siddiquie, 2004). The Pb/Zn ratio is nearly constant for all the present rock types (Table 36) 
with minor variations and the positive correlation between Pb-Zn suggests their coherence. 
High value of Pb may also to be due to radiogenic lead as evident by significant positive 
correlation between Pb and Th. Siddiquie and Bhat (2010) reported 10-35 ppm Pb in the 
khondalites of the area under study which is also close to the values of 24 ppm reported by 
Sheraton (1980) from Late Proterozoic granulite facies metapelites of Antarctica while as Rao 
(1983) reported 45 ppm from Late Archaean Early Proterozoic metapelite of Eastern Ghat 
Mobile belt, India. 
6.5.2 Rubidium (Rb) 
Rubidium shows almost a stable distribution as shown in variation diagrams and bar 
charts (Figures 6.22a and 6.23a) in the analyzed khondalites and charnockitcs, district 
Vizianagram, (A.P). The highest values of Rb in the present rock types were observed in 
GQT followed by CHR > GSG > CSG (Figures 6.23a and 6.24a) in four samples each with 
an average values of 29.75, 19.27, 16.48 and 4.09 ppm respectively (Table 36). In case of 
major elements, mbidium shows positive correlation with Al, Mn, Mg and K. but negative 
corelation with Si and Al in case of khondalites and with that of Mn and Mg among the 
charnockitcs. However in case of trace elements rubidium shows neagtive coiTcl^tion with 
Cr, Cu, Ni, Sr, U, Th, Nb, Ga and Pb, in the present study (Tables 30-33). The gsjnerally 
lower vaues of Rb may be attributed to the high grade metamorphism of the precursor 
sediaients of the present khondalites and charnockitcs. The depletion of Rb in granujites has 
been stressed in the works of Heier (1971), Tarney and windley (1977), as a result of fluid 
phast; especially CO2 rich aqueous phase. The K/Rb ratios (Table 36) of the Vizianagram, 
kiion^alites and chamockites is so far lower than the average igneous rocks (230ppm). 
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These charecteristics are similar to the Precambrian granulites showing lower K and Rb 
values as well as low K/Rb (Meier, 1971; Tamey and Windley, 1977). The K/Rb ratios 
decrease steadily with igneous differentiation (Shaw and Kudo, 1965). The lower values of 
Rb and Rb/Sr (Table 36) in Vizianagram, khondalites reveal their metamorphism in 
accordance with Heicr (1971). However the low values of both Na and Rb can also be due 
to fact of preferential development of new mineral phases and their dissolution during high 
grade metamorphism. The KVRb values of Vizianagram, ore is higher than the estimates of 
igneous and average continental rocks and hence agree well with the K/Rb behaviour of the 
Archaean granulites. 
6.5.3 Lanthanadium 
Lanthanadium shows irregular distribution pattern as shown in variation diagrams 
and bar charts (Figures 6.22a and 6.23a) in the analyzed khondalites and chamockites, district 
Vizianagram, (A.P). The highest values of La in the present rock types were observed in GQT 
followed by GQT > GSG > CSG > CHR (Figures 6.25a) in four samples each with an average 
values of 34.95, 14.48, 8.8 and 1.06 ppm respectively (Table 36). Among major elements Rb 
shows a strong positive correlation with Si, Al, Ti, Ca P and Na in different khondalites and 
with Mg in chamockites (Table 30-33) La is an important rare earth element most commonly 
used for the inteipretation of the petrogenesis of igneous rocks along with the other trace 
elements Ni, Cr, Sc, V, Rb, Ba, Sr, Zr, Y and Nb. The temai^ plot Th-Sc-La (Figure 6.28) 
shows slightly higher values of La in charcnokcites than khondaites with fonner falling close 
to PAAS and later in TTG fields of Girty and Barber (1993). The Th-Sc-La ternary plot after 
Girty and Barber (1993) and condie (1993) suggests dominantly near PAAS and TTG 
composition of the prtotolith. 
6.5.4 Thorium (Th) 
Thorium shows slightly irregular distribution pattern as shown in variation diagrams 
and bar charts (Figures 6.22a and 6.23a) in the analyzed khondalites and chamockites, district 
Vizianagram, (A.P). The highest values of thorium in the present rock types were observed in 
GQT followed by GSG > CHR > CSG (Figures 6.25a) in four samples each with an average 
values of 23.5, 12.4, 6.3 and 1.32 ppm respectively (Table 36). Thorium shows positive 
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correlation with Si, Fe, Ti and Mn in different khondalites (Tables 30-32) and with Al and K 
in charnockites (Table 33). In case of the trace elements, thorium shows strong positive 
correlation with Nb, Pb, Cr, Zn, Sc and Ga (Tables 30-32) in different khondalites while as in 
charnockites it shows positive con-elations with Zr and Zn (Table 33). Thorium being a 
granitic suite of trace element can be doniinantly ascribed to the granitic intrusions in the 
region. The granitic suite trace elements (Y, Zr, U and Th) show almost a stable pattern of 
distribution in tlie present rocks, especially in the charnockites and calc- silicate granulites, 
suggesting its granitic source. The Th/Sc vs Zr/Sc plot {Figure 6.26) also shows that the 
khondalites and charnockites are close to UCC fields after Mc Lennan et al (2003). The 
ternary plot Th-Sc-La (Figure 6.28) higher values of La in chamokcites than kliondalites with 
former falling close to PAAS and TTG fields after Girty and Barber (1993). 
6.5.5 Hafmium(Hf) 
Hafmium shows a stable pattern of distribution (Figures 6.22a and 6.23a) in the 
analyzed khondalites and charnockites, district Vizianagram, (A.P). The highest values of Hf 
in the present rock types were observed in GSG followed by GQT > GSG > CHR (Figure 
Figure 6.25a) in four samples each with an average values of 3.1, 2.87, 1.22 and 0.98 ppm 
respectively (Table 36). The very low values of hafmium were rccoded in both khondalites 
and charnockites. The metamorphic rocks have generally lower Hf and Zr/Hf ratios and are 
VC17 close to those of the continental crust estimated by Rudnick and fountain (1995), but the 
corresponding ratios of the present samples are generally lower than those of the continental 
crust (Rudnick and Fountain, 1995). Although these lower ratios of Zr/Hf in the present study 
might be analytical artifacts, especially for the CHR samples due to their very higher 
abundances of granitophile trace elements. The Zr/Hf ratios of these rocks are also away from 
the CHARAC (Charge and Radius-Controlled) field which is generally as 26 < Zr/Hf < 46 for 
metasediemnts. The lower values of Hf has been attributed to the fracination of trace elements 
between fluid and rock at high grade metamorphic conditions (Bcbout et al, 1999) who have 
demonstrated that metamorphic fluids had highly fractionated trace clement compositions and 
it can be inferred that fractionation of trace elements is most likely a commonly occurring 
process during metamorphic dehydration which is mainly controlled by the chemical nature of 
the fluids depending on protolith chemistry) and metamorphic conditions. The comparison of 
Precambrian granulites of India with the Precambrian granulites of Canada (Iyer et al, (1996) 
concluded that the depleted Large Ion Lithophile Elements (LILE) character of the granulites 
is the general characteristic feature of granulites facies rocks, irrespective of their age (Iyer et 
al, (1996). But the depiction is caused by the mctamorphisra and is not an inherited character 
of the parent rock. The depleted LILE character of the Vizianagram granulites cannot be 
looked upon as the geochemical nature of the early protocrust but the result of metamorphism. 
6.6 High Field Strength Elements (HFSE) 
These elements are having large cations with higher charges and are generally 
excluded from mantle phases and more concentrated in residual a liquid that means they are 
likely to be more incompatible. In genaral these elements arc concentrated in accessory 
phases as sphcne, zircon and apatite in the diferent rock types. Examples include Zr, Hf, Nb, 
Ta, Th and U. The variation diagram and bar chart of HFSE concentration in all the sixteen 
samples of the khondalites and charnockites from district Vizianagram, (A.P) are shown in 
figures 6,24b and 6.25b. Among the High Field Strength Elements (HFSE), like U, N, Sc, Zr, 
Sr and Y, Zr shows elevated contents in the present khondalites and charnockites followed by 
Sr and Y (Figure 6.24b and 6.25b) suggesting their partitioning at anataxis and their 
subsequent preferential uptake by felsic ratlier than mafic minerals and or due to the 
immobile behaviourof many of them as suggested by Taylor and McLennan, 1981). The 
distribution pattern of various HFSE elements in the analyzed khondalites and charnockites 
of the study area as detected in the analyzed samples with their inter elemental relationship 
arc discussed as follows; 
6.6.1. Uranium (U) 
Uranium shows nearly uniform and stable pattern of distribution (Figure 6.22 a-d) in the 
analyzed khondalites and charnockites, district Vizianagram, (A.P). Uranium shows least 
variation in the average concentration as shown in variation diagrams and bar charts (Figures 
6.22b and 6.23b). The highest values of uranium in the present rock types were observed in 
GSG followed by GQT > CSG > CHR (Figure 6.25b) in four samples each with an average 
values of 2.45, 2.40, 2.38 and 1.48 ppm respectively (Table 36). Among HFSE uranium 
shows the lowest concentration (Figure 6.24b) in the analyzed khondalites and charnockites. 
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Uranium shows positive correlation with major elements like Fe, Ti, Mg, K, Al, Ca, P, Mg in 
khondalites and with Fe, Mn in CHR samples (Tables 30-33). Among trace elements, U 
shows positive correlation with Th, Nb, Zn, Sr, Sc, Pb in khondalites and with Y in 
chamockites (Tables 30-33). 
6.6.2 Niobium (Nb) 
Niobium shows nearly uniform and stable pattern of distribution (Figure 6.22-6.23) in the 
analyzed khondalites and charnockites, district Vizianagram, (A.P). The highest values of 
niobium in the present rock types were observed in GQT followed by GSG > CHR > CSG 
(Figures 6.25b). In a total of four samples of each rock type the average values of 29.75, 
19.27, 16.48 and 4.09 ppm were recorded in GQT, GSG, CHR and CSG respectively (Table 
36). Niobium shows positive correlation with oxides of Fe, Ti, Mn, K and Mg among the 
major elements and with U, Th, Pb, Zn, Sr, Ga, Ni and Zn among the trace elements (Tables 
30-33) in the khondalites and chamockites of the study area. Strong negative correlations of 
Nb vvere observed with Ca, P, Na, Mg and Ti among major elements and with Zr, Ga, Cu, Ni, 
Y, Co, Cr in khondalites and with Pb and Sr in charnockites (Tables 30-33). These 
correlations are generally attributed to the fractionation of some geochemical pairs and the 
trace element tetrad effect during metamorphism and partial melting. 
6.6.3 Scandium (Sc) 
Scandium shows nearly uniform and stable pattern of distribution (Figure 6.22) in 
the analyzed khondalites and chamockites, district Vizianagram, (A.P). The highest values of 
scandium in the present rock types were observed in GSG followed by CHR > GQT > CSG 
(Figures 6.25b) in four samples of each rock type with an average values of 17.12, 15.75, 
11.71and 1.43 pptn respectively (Table 36). Among major elements, scandium shows positive 
correlation with oxides of Al, Ca, Mg and P in khondalites and with Al, Ca and Na in 
charnocktes among the major elements and with Rb, Cr, Th, U, Pb among the trace elements 
in khondalites and charnockites. A strong negative correlation was also observed between Sc-
P, Sc-Mg, Sc-K and Sc-Sr in GQT; Sc-Ti, Sc-K in GSG; Sc-Ca, Sc-Mg, Sc-Ni, Sc-Zn in 
CSG; Sc-Fe, Sc-U and Sc-Y in CHR samples as shown in Tables 30-33. Thorium among the 
HFSH has been widely used in detemiination of the precursor sediments in metamorphic and 
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igneosus rocks. The Th-Sc-La ternary plot after Girty and Barber (1993) and Condie (1993) 
suggests dominantly near PAAS and TTG composition of the prtotolith however, the binary 
plot Th/Sc vs Zr/Sc suggests neear UCC composition of the protolith. 
6.6.4 Zirconium 
Zirconium shows very in^egular pattern of distribution (Figure 6.22) in the analyzed 
khondalites and charnockites, district Vizianagram, (A.P). The highest values of zirconium in 
the present rock types were observed in GQT followed by CHR > GSG > CSG (Figures 
6.25b) in four samples each with an average values of 18.91, 11.41, 7.90 and 3.95ppm 
respectively (Table 36). The values of Zr are slightly more in the GQT samples as compared 
to other khondalites and charnockitc memcbrs of the host rocks in the study area {Figure 6.12) 
and can be attributed to the presence of zircons in some khondalite rocks. Variable 
concentrations of Zr in the khondalites and charnockites were also reported from the study 
area by Siddiquie and Raza (2008) and Siddiquie and Bhat (2010). Zirconium shows some 
strong positive inter elemental conelations as Zr-Al, Zr-Ca, Zr-Na, Zr-Co, Zr-Cu, Zr-Y in 
GQT; Zr-Si, Zr-Mn, Zr- Ti, Zr- Ga, Zr- Cu, Zr- Ni, Zr- Zn, Zr- Sr, Zr- Y (Tables 30-33) 
suggesting the presence of trace element complexes. The Tli/Sc vs Zn/Sr diagram shown in 
figure 6.26 of Mc Lennan ct al (2003), suggests the UCC (Upper continental Crust) 
compositional simialrity of the khondalites and charnockites of dsitrict Vizianagram, (A.P). 
The ternary plot Sc-Zr/10-Th of Bhatia and Crook (1986) shown in figure 6.29 suggests the 
near PCM tectonic environment for GSG and wide scatter of other khondalites and 
charnockites, district Vizianagram, (A.P). Moreover, the Zr/'Hf ratios of the present rocks vary 
widely some similarity with those of the continental crust estimated by Rudnick and Fountain 
(1995). but the corresponding ratios of the CHR and GSG are generally lower than those of 
the continental crust (Table 36). 
6.6.5 Strontium 
Strontium shows highly irregular pattern of distribution (Figure 6.22) in the analyzed 
khondalites and charnockites, district Vizianagram, (A.P). The highest values of stromtium 
in the present rock types were observed in GSG followed by CHR > GQT > CSG (Figures 
6.25b) in four samples each with an average values of 338.75, 203.25, 52.65 and 2.45 ppm 
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respectively (Table 36). Strontium shows positive correlation with major oxides of Fe, K 
and traces like U, Zn, Zr, Nb, Ga, Cu, Ni, Zn, Pb in khondalites and with Mg, Pb and Cu in 
case of charnockites (Tables 30-33). These values are much higher than the near surface 
parts of the continental cmst (0.25) and are markedly higher than the estimates of Harley 
(1998) calculated for the average lower crust as 0.030 and can be ascribed to the 
metamorphism associated granitic intrusions. Strontium being a siderophile, element occurs 
as oxysalts in residual sediments. In the upper lithosphere Sr is strongly oxyphile. The 
similar ionic radii of Sr, K and Ca as 1-27A, 1.33 A and 1.06 A suggest their mutual 
replacement. Sr has high tendency of replacing Ca in Ca bearing pyroxenes and amphiboles 
(Siddiquic, 2004). The higher values of Sr in khondalites suggest the carbonate content in 
the precursor sediments. Strontium is common constituent of K-feldspars than plagioclase 
minerals (Siddiquie, 2004) but is also associated with biotite, zircon and pyroxenes of the 
metasedimentary rocks which can be accounted for the higher values of Sr in khondalites 
and charnockites of the studied terrain. Because different trace elements have different 
chemical characteristics, their concentrations during high grade metamorphism and or 
anataxis will depend on the phases occurring in the source rock and the abundance of these 
phases. Sr are strongly fractionated in plagioclase feldspars and in the absence of 
plagioclase from the source rock, Sr will be incompatible and will be highly enriched in a 
magma formed by small degrees of partial melting. If the source rock is plagioclase bearing, 
the magma will be less enriched in Sr (for the same % of partial melting), until plagioclase 
melts completely. Moreover Sr is abundant in carbonate rocks than other sedimentary rocks 
and is more mobile during weathering. The positive correlation of Sr with Ca and K2O also 
suggests their adsorption by calcium and phosphate minerals. The positive correlapon of Sr 
with CaO, P2O5 and H2O clearly indicates the coherence of Sr with Ca-Mg hydroxides 
(Siddiquie and Bhat 2010), 
6.6.6 Yeterrium 
Yeterrium shows moderately stable pattern of distribution (Figure 6.22) in the 
analyzed khondalites and charnockites, district Vizianagram, (A.P). The highest Vc«lues of 
yeterrium in the present rock types were observed in CHR followed GQT > CHR > GSG > 
CSG (Figures 6.25b) in four samples each with an average values of 47.08, 47.05, 26.42 and 
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7.06 ppm respectively (Table 36). YeteiTium shows positive coiTelation with different major 
elements and trace elements in the studied khondalites and chamockites of the study area 
and are shown in tables 30-33. 
6.7 Transition Elements 
These are the trace elements which are characterized b)' relatively small ionic radii 
and are either bi- or tri-valent. These elements are strongly partitioned in the solid phases 
that crystallize during the early stages of magmatic e\olution and are therefore "compatible" 
with mantle phases. Examples include Ni, Co, Cr and Sc. The variation diagram and bar 
chart of HFSE concentration in all the sixteen samples of the khondalites and chamockites 
from district Vizianagram, (A.P) are shown in figures 6.24b and 6.25b. The detailed 
behaviour of the transition elements in traces (ppm) in the present khondalites and 
chamockites are discussed as follows; 
6.7.1 Copper 
Copper shows moderately irregular pattern of distribution (Figure 6.22) in the 
analyzed khondalites and chamockites, district Vizianagram, (A.P). The highest values of 
copper in the present rock types were observed in GQT followed by CHR > CSG > GSG 
(Figures 6.25c) in four samples each with an average values of 55.85, 34.90, 33.35 and 
24.35 ppm respectively (Table 36). Copper shows positive correlation with oxides of Si, Al, 
Na and trace elements such as Ga, Co, Cu, Ni, Zn, Sr and Y in khondalites and with Na, F 
and Sr in chamockites of the study area. Strong negative correlations between Cu-Fe, Cu-Ti, 
Cu-Mg, Cu-K, Cu-U, Cu-Pb, Cu-Co, Cu-U, Cu-Zr, Cu-Pb, Cu-Sr in khondalites and 
between Cu-U, Cu-Zr, Cu-Th and Cu-Ni in chamockites. The comparison of the Cu 
concentration between the various granulites and metapelites (Table 37) shows higher 
values of Cu in the present samples and may either be associated with felsic intrasions and 
metamoiphic transformations of the mineral phases. 
6.7.2 Nickel 
Nickel shows almost stable pattern of distribution (Figure 6.22) in the analyzed 
khondalites and chamockites, district Vizianagram, (A.P). The highest values of Nickel in 
196 
the present rock types were observed in GSG followed by CHR > GQT > CSG (Figures 
6.25c) in four samples each with an average values of 51.60, 42.30, 18.80 and 8.35 ppm 
respectively (Table 36). Ni and Co is frequent constituent of the silicate rocks. Nickel shows 
positive correlation with oxides of Si, Al, Ca, Na and trace elements like Zr, Nb, Ga, Rb Cr, 
U, Zn but negative coiTelations with Fe, Mn, Mg, U, Th, Nb, Pb, Co, Cr, Zn, Sr, Y in 
khondalites (Tables 33-35) and with Al, Fe, K, U, Nb, Zn but negative correlation with Pb, 
Sr and Y (Table 36). The geochemical character of Ni is siderophile with bulk of it always 
associated with the metallic iron. The ionic radius of Ni^^is 0.69A which is close to Fe2 '^ 
(0.75A) and Mg (66A) and can easily substitute any one of the two. Ni-0 bond is stronger 
than Mg-0 being more covalent and Fe2* is more mobile than Ni^ ^ and thus Ni is more 
likely to be em-iched in Mg bearing minerals. Generally nickel has more tendency of 
enrichment in magnessian and ferro magnesian minerals (Siddiquie, 2004). Nickel being 
much stable in aqueous solutions can remain longer in solution. The positive con-elation of 
Ni with Si02, AI2O3 and Fe203 in the present rocks types suggests its adsorption by alumina 
silicates as well as ferruginous minerals. The higher values of Ni in the studied khondalites 
and charnockites of the study area suggests the Early Archaean Mafic Provenance In 
accordance with Rao (1983), concentrations of Ni are much higher, especially in 
charnockites (Table 36) than in average khondalites and may be due to some mafic 
component in the provenance (Van De Camp et al, 1976). The low concentrations of 
granitic suite of trace elements (U, Th) than the Ni in the studied rocks, further support 
mafic provinance. 
6.7.3 Cobalt 
Cobalt shows almost stable pattern of distribution (Figure 6.22) in the analyzed 
khondalites and charnockites, district Vizianagram, (A.P). The highest values of cobalt in 
the present rock types were observed in CHR followed by CSG > GSG > GQT (Figure 
6.25c) in four samples each with an average values of 29.75, 19.27, 16.48 and 4.09 ppm 
respectively (Table 36). Co shows posifivc coiTclation with Si02, AI2O3, Fe203, AI2O3, 
K2O+ Fe203, MgO, Si02 suggesting its adsoi-ption in alumina-silicates and ferromagnesian 
minerals, but negative con-elation with MgO+MgO+H20 suggests the substitution of Co 
for Mg and or Ca in Calc-magnessian minerals. Cobah shows positive correlation with Zn, 
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Ga, Zr, Sr, Y. Rb and Cu in khondalites (Tables 30-32) but with Zr and Nb in chamockites 
(Table 33) indicating that Co is associated with the alumino-silicates, alkalis and 
ferromagnesian minerals in the rocks. Co is mainly present in calc-magnesian minerals of 
the rocks of the study area (Siddiquie and Bhat 2010). The trace element complexes of Ni-
Cu-Co in weathering areas are common. However, presently, weathered rocks from the 
studied terrain are supplying Cr, Ni and, thus, by analogy, high contents of Cr and Ni than 
Co in studied rocks may also be due to some supply of detritus by moderately to deeply 
weathered Archaean soil profile. Cobalt being siderophile and member of Iron family is 
closely related to Ni in their size and charge. The 0.72A ionic radius of Co is close to that 
of Ni, Fe and Mg as 69A, and 4A and 66A respectively. The slightly bigger ionic size of 
Co than Ni can restrict its entery into the lattices of the minerals as comapared to Ni^ ^ and 
can be accounted as the reason of higher Ni than Co due to easy loss of the later during 
weathering. 
6.7.4 Zinc 
Zinc shows highly iuegular pattern of distribution (Figure 6.22) in the analyzed 
khondalites and charnockites, district Vizianagram, (A.P). The highest values of Zinc in 
the present rock types were observed in GSG followed by CHR > GQT > CSG (Figures 
6.25c) in four samples each with an average values of 164.50, 110.24, 97.23 and 4.43 ppm 
in four samples of each rock type respectively (Table 36). Zinc shows positive correlation 
with oxides of Si, Fe, Ti and trace elements like U, Pb, Sr, Zr, Th, Cu, Sr, Co, Cr in the 
khondalites (Tables 33-35) and shows positive correlation with oxides of Al, Mn, Mg and 
the trace elements like Th and Nb in case of charnockites (Table 36). According to 
Siddiquie (2004) it seems that zinc remains largely in residual melts and in solution 
throughout the main stage of crystallizationand gets enriched towards the pegmatitic stage. 
The pegmatitic intrusions are common in the present study area (Siddiquie and Raza, 
1990) and as such the higher values of Zn are satisfactoi^ from pegmai:ite intruded areas. 
The positive coiTclation of Zn with FeO and MgO in the present khondalites and 
charnockites suggests that Zn may also be concentrated in the ferromagnesian minerals 
like biotite, which is abundantly present in these rocks. The positive correlation of Zn with 
CaO-MgO and H2O also suggests its adsorption by Ca-Mg-hydroxide minerals (Siddiquie, 
2004), 
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charnockites district Vizinagram, (A.P). 
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Figure 6.12 FeaOs+MgO Vs A^Oa/SiOi tectonic discrimination diagram (After; Bhatia, 
1983) showing the PCM type of setting for CHR and GQT members and 
wide scatter of the other khondalites, district Vizianagram, (A.P). 
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Figure 6.13 Fe203+ MgO Vs AI2O3/ (CaO+Na^O) tectonic discrimination diagram 
(After; Bhatia, 1983) showing the PCM type of setting for CHR and GQT 
members and wide scatter of the other khondalites, district Vizianagram, 
(A.P). 
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Figure 6.14 Fe203+ MgO Vs T1O2 tectonic discrimination diagram (After; Bhatia, 
1983) showing the PCM type of setting for CHR and GQT members and 
wide scatter of the other khondalites, district Vizianagram, (A.P). 
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Figure 6.15 Fe203 + MgO Vs K2O + Na^O tectonic discrimination diagram (After; 
Bhatia, 1983) for the khondahtes (GQT, GSG, and CSG) and chamockites 
(CHR), district Vizianagram, (A.P). 
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Figure 6.16 FeO + MgO vs K2O + (Na20/K20) plot (After; Chacko et al, 1992) 
showing the PAAS and Arkosic compositional similarity of the Khondalites 
and chamockites, district Vizianagram, (A.P). 
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Figure 6.17 K/AI Vs Na/A! discrimination plot (After; Saupe and Vegas, 1987) showing 
the Shale-Greywacke compositional similarity of the Khondalites, district 
Vizianagram, (A.P). 
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Figure 6.20 Ternary diagram of Fe(t)-K20-Al203 (After; Wronkiewicz and Condie, 
1989), showing compositional similarity between Tonalities-Granites-
NASC and the khondalites and chamockites district Vizianagram, (A.P). 
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Figure 6.21 Molecular Al:(CaO-Na20)- K2O diagram (After; After Bhatia, 1983), for 
the khondalites and charnockites, district Vizianagram, (A.P). 
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Table 25 Average of major oxides in khondalites (GQT, GSG, CSG) and chamockites 
(CHR) (four samples each), district Vizianagram, (A.P). 
ID/Oxd. SIO2 AI2O3 FejOi CaO MnO TiOz P2O5 .M«0 K.O NajO L 1 
CIIK 7S.S6 S.X5 1.60 0.62 0.S2 0.09 0.31 •.".' 5.4S 1.32 1.17 
*60T 92.68 3.16 2.45 0.22 0.36 0.06 0.04 0.04 0.17 0.54 1.10 
GSG 65.22 17.36 9.16 0.50 0.24 1.00 0.10 0.58 2.91 0.50 0.93 
L i , 55.59 12.33 3.57 17.63 1.80 0.63 0.29 2.34 2.64 0.82 0.83 
Table 26 Average of elemental ratios for the khondalites (GQT, GSG, and CSG) and 
chamockites (CHR) of district Vizianagram, (A.P). 
mM^m- AVF 
<§6li 8.91 
'dEtrnkjimis^^likMi 
5.53 95.82 18.83 4.14 
GQT| 29.30 1.29 254.32 41.48 0.32 
^ G - ; 3.76 1.89 271.73 9.16 5.30 
esc ; 4.51 3.46 30.88 5.70 3.57 
104.12 
53.60 
17.36 
19.72 
0.47 
0.41 
1.01 
21.63 
0.30 
0.02 
0.06 
0.66 
2.27 
14.31 
34.03 
0.55 
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Table 28 Comparison of major elements of the granulites and metasediments from 
different parts of the world. 
•-^mide^^' 
- Si02 
- A1:0:, 
no: 
C-aO 
MgO 
h'a:0 
•-••'KjO 
MnO 
P2O5 
Fc:.0, 
• • ^ • • ' 1 ' ' % 
60.81 
17.19 
1.04 
0.71 
2.43 
0.99 
3.67 
0.12 
0.10 
1.91 
63.50 
18.81 
0.82 
0.76 
6.11 
1.01 
1.74 
0.07 
0.04 
1.23 
57.37 
17.57 
1.21 
2.29 
5.80 
2.06 
2.87 
0.30 
0.14 
2.05 
62.08 
14.06 
1.33 
4.80 
1.26 
3.25 
0.65 
0.21 
0.30 
10.98 
78.86 
8.85 
0.09 
0.62 
0.48 
1.32 
5.48 
0.82 
0.31 
1.6 
92.68 
3.16 
0.06 
0.22 
0.04 
0.54 
0.17 
0.36 
0.04 
2.45 
65.22 
17.36 
1 
0.5 
0.58 
0.5 
2.64 
0.24 
0.1 
9.16 
55.59 
12.33 
0.63 
17.63 
2.34 
0.82 
2.91 
1.8 
0.29 
3.57 
1. Average of 11 Proterozoic granulite facies metapelites from Charles Mountain 
(Sheraton, 1980). 
2. Average of 22 Early Archean granulite facies metapelites from Charles Mountain 
(Sheraton, 1980). 
3. Average of 11 Pre-Cambrian metapelites from Eastern Ghats (Rao, 1983). 
4. Metapelite from dakshin Gangotri, Antarctica (Govil and Balram, 1998). 
5-8 Average of four samples of CHR, GQT, GSG and CSG from district Vizianagram, 
(A.P). 
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Figure 6.22 Variation diagrams showing the concentation (ppm) of selected trace elements 
(a) Four samples of chranockites (CHR). 
(b) Four samples of Garnetiferous Quartzites (GQT). 
(c) Four samples of Garnet Sillimanite Gneiss (GSG). 
(d) Four samples of Calc-Silicate Granulite (CSG), from dsitrict Vizianagram (A.P). 
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Figure 6.23 Bar charts showing the concentation (ppm) of; 
(a) LILE in Khondalites (GQT, GSG, CSG) and Charncokites (CHR), 
(b) HFSE in Khondalites (GQT, GSG, CSG) and Charncokites (CHR), 
(c) Transition elements in (GQT, GSG, CSG) and Charncokites (CHR), from dsitrict 
Vizianagram (A.P). 
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Figure 6.24 Variation diagrams showing the variation of; 
(a) LILE in Khondalites (GQT, GSG, CSG) and Chamcokites (CHR), 
(b) HFSE in Khondalites (GQT, GSG, CSG ) and Charncolcites (CHR), 
(c) Transition elements in (GQT, GSG, and CSG) and Chamcokites (CHR), district 
Vizianagram, (A.P). 
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Figure 6.25 Bar charts showing comparison of averages (four samples of each) of; 
(a) LII.E in Khondalites {GQT, GSG, CSG ) and Charncokites (CHR), 
(b) HFSE in Khondalites (GQT, GSG, CSG) and Charncokites (CHR), 
(c) Transition elements in (GQT, GSG, CSG) and Charncokites 
(CHR), dsitrict Vizianagram (A.P). 
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Figure 6.26 Th/Sc v Zn/Sr diagram (After; Mc Lennan et al, 2003), showing UCC 
(Upper continental Crust) compositional simialrity of the khondalites 
and charncokites of dsitrict, Vizianagram (A.P). 
Figure 6.27 Ternary plot of Hf-Co-Th (After; Gitry and Barber, 1993), showing the 
near UCC (Upper continental Crust)-TC (Tonalitic crust) compositional 
similarity of the khondalites and chamockites. district Vizianagram, 
(A.P). 
OlC-Oceanic island arc: CIA- Continental island arc; ACM-Active continental margin; 
PCM-Passive Continental margin; TC-Tonalitic crust; UCC-Upper continental Crust. 
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Figure 6.28 Ternary plot of Sc-Th-La (After; Gitry and Barber, 1993; Condie. 
1993), showing the near PAAS-TTG composition of the khondalites and 
chamockites, district Vizianagram, (A.P). 
Figure 6.29 Ternary plot of Zr/10-Th-Sc (After; Bhatia and Crook, 1986), suggests 
the near PCM tectonic environment for GSG and wide scatter of other 
khondalites and chamockites, district Vizianagram, (A.P). 
OlC-Oceanic island arc; CIA- Continental island arc; ACM-Active continental margin; 
PCM-Passive Continental margin; TC-Tonalitic crust; UCC-Upper continental Crust. 
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Table 36 Average trace element concentration (ppm) and important elemental ratios of the 
four samples of the different members of the khondalites and chamcokites of district, 
Vizianagram, (A.P). 
' '•' S.No.: 
flcmont (b) 
L 
• Zr 
i Th 
Sc 
Cia 
, Pb 
• Rb 
Co' ' 
i ^^^ 
1 cu; . 
1 Ni ' 
Zn 
' Si-
i Y . 
Nb 
La 
Hf 
1 ZivHf 
f Ni/Cu" 
i Th'Sc • 
I Zf'Sc 
1 • Th/Sq', / 
j IZr/T^r^ 
1 • Ti . 'Zr , • 
1 ScCp'-
j Mi/Co 
t Rb/Sr 
t K'Rb 
•'^^^^^^k$v 
GQT 
2.40 
294.00 
23.50 
11.71 
24.45 
34.95 
29.75 
12.50 
52.65 
55.85 
18.80 
97.23 
246.35 
47.05 
18.91 
14.71 
2.87 
102.26 
0.34 
2.01 
25.10 
0.4 
1.25 
0.32 
0.33 
0.1 
4.64 
0.44 
0.21 
'M'Mm^ 
GSG 
2.45 
109.08 
12.40 
17.12 
16.95 
14.48 
16.49 
19.89 
203.25 
24.35 
51.60 
164.50 
138.97 
26.42 
11.42 
27.69 
3.1 
35.19 
2.12 
0.72 
6.37 
2.01 
0.8 
2.49 
0.25 
0.62 
1.5 
0.21 
0.01 
:0<^mm^^t r - *"i4H 
CSG 
1.48 
215.40 
1.32 
1.43 
2.63 
1.07 
4.09 
29.60 
2.45 
33.35 
8.35 
4.43 
129.98 
7.06 
3.95 
2.04 
1.22 
194.87 
0.25 
0.93 
166.49 
0.72 
0.92 
0.79 
0.65 
0.33 
2.59 
10.33 
0.13 
.^.t^MiM^^K 
CHR 
2.38 
91.75 
6.30 
15.75 
13.33 
8.80 
19.28 
35.50 
188.75 
34.90 
42.30 
110.24 
328.00 
47.08 
7.90 
19.45 
0.98 
93.62 
1.21 
0.40 
5.83 
0.93 
2.99 
0.31 
0.2 
0.17 
0.28 
0.02 
0.74 
2 
3 
4 
Average of four samples of GQT, district Vizianagram, (A.P). 
Average of four samples GSG, district Vizianagram, (A.P). 
Average of four samples CSG, district Vizianagram, (A.P). 
Average of four samples CHR, district Vizianagram, (A.P).' 
' Present study showing the average ppm of trace elements and inter elemental 
ratios in four samples of each of Garnetiferous Quartzites (GQT); Garnet Sillimanite 
Gneiss (GSG) and Calc-Silicate Granulites (CSG) and Charnockites (CHR), district 
Vizianagram (A.P). 
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Chapter 7 
Discussion and Genesis 
The manganese ore deposit and the associated kliondahte members in district 
Vizianagram, (A.P) are a part of Indian metasedimentary manganese ore deposits 
distributed mostly in the Precambrian gneiss and khondalites in the Eastern Ghats 
Mobile Belt. The metasedimentary manganese deposits of small to moderate size 
hosted by the kliondalites and charnockites are spiead in the Eastern Ghats Granulite 
Belt that covers a large sector of the East Coast of India (Figures 1.1 and 1.2). The 
present manganese ore bodies are concentrated in the district Vizianagram, (A.P) and 
lies between the 18" 12' -• 18" 30' N latitude and 83" 20'- 83" 45' E longitudes. The 
study area falls in Dharwar system of India which is synonium for the Archaean and 
represents the oldest Supergroup of Geological Formations of India (Fermor, 1909). It 
constitutes the most metamorphosed sector of the Precambrian Indian shield hosting 
several mineral deposits. The entire region is also included under East Gondwana 
along with Antarctica and Srilanka where reassembly of East Gondwana has 
juxtaposed the EGB against the parts of East Antarctica between 40° and 70" East 
Latitude (Yoshida, 1995).The Entire EGB is cut by the NW-SE trending linear rift 
zones, the Mahanadi and the Godavari Grabens in the north and south respectively, 
representing the Palaeozoic-Mesozoic sedimentation locales (Rao, G.V. 2001), The 
EGMB is an important polymetamorphic granulite belt which has importance in 
reconstructing past continental configuration and the geological processes in the 
region (Dasgupta and Sengupta, 1995). The entire Belt has undergone polyphase 
deformation (Bhattacharya, 1997) and three episodes of regional metamorphic events 
whose imprints are not preserved uniformly in all phases. A significant proportion of 
the granulite terrain is occupied by the metasedimentai7 rocks mainly (khondalites) 
which attained deep burial upto 35 kms indicated by the barometric estimates of ca 10 
kbar in the region (Rickers et al, 2001). The field observation of the study area shows 
a complex structural figure of folds, faults and fractures of diverse types (Figures 
2.3a, b, d and f) indicating the complex regional tectonics.The foliation of the 
kliondalites follows the regional bedding planes and is also maintaining the 
parallelism with the compositional banding intruded by some secondary pegmatite 
intrusions (2.3b). Geologically, the region represents one of the few documented high 
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grade terrains in the world, metamorphosed at ultra-high temperature (~1000"e) and 
9-10 Kbar (Dasgupta and Sengupta, 1995; Harley, 1998). On the basis of isotopic 
geochemical studies of Rickers et al (2001). the EGB has been divided into North 
Eastern Ghat Belt (NEGB) and South Eatsern Ghat Belt (SEGB) with Vizianagram, 
falling in Late Archaean SEGB of 3900 - 2500 Ma, The study area, Vizianagram is 
an integral part of Eastern Ghats Granulitc Belt (EGGB) and represents a part of the 
eastern coastal strip of India. The Vizianagram manganese ores and host rocks as 
investigated in the light of different tectonic environments and the global manganese 
mineralization in hydrogenous, sedimentary, diagenetic and hydrothermal 
environments. Several issues pertaining to conditions and mechanisms of district 
Vizianagram, (A.P), manganese ore deposit formation remained debatable so far, 
however the present author attempted to unearth the genesis of the ores with respect 
to geological, mineralogical and geochemical aspects and made some important and 
simplified conclusions. Manganese ores have evolved in a few important phases of 
metallogenesis in the region and the manganese ores in district Vizianagram, (A.P) 
are co-genetic as evident from the collective field evidence and the geochemistry and 
mineralogical modules of the ores and host rocks. The manganese ore genesis in the 
study area is believed to be of metasedimtai^ nature (Rao, G.V, 1969; Siddiquie 
2004; Siddique and Bhat 2010). The occurrence of the extensive manganese ore 
deposits, Iron oxides and laterites and bauxites along with the pockets of graphite in 
the EGB support rapid changes both in the physico chemical environmental 
conditions, during and after the foi-mation of khondalitcs (Raju and Rao, 2001). The 
iithological assemblage of gametiferous quartzites, gamet-sillimanite gneisses 
(kliondalitcs), garnet-biotite gneisses, cordierite-bearing gneisses, marbles and calc-
silicate gneisses imply shallow-water deposition in a shelf-like environment or intra-
cratonic, basins or troughs, respectively (Katz, 1989). 
The primary manganese ores in the present piece of research work are observed 
as metasedimentary in the general opinion (Sivaprakash, 1980; Krishna Rao, 1963a, 
193b and 1966; Siddiquie, 2004; Siddiquie and Bhat, 2008 and 2010) as seen in their 
mineral assemblages and the geochemistry while as the secondary ores are the 
supergene ores formed from the primary ores by supergene enrichment. The primary 
ores are the sedimentary equivalents of bedded type sedimentary manganese ore 
deposits which have undergone metamorphism as evident in the figures 3.4a-c. These 
metasedimentary ore deposits underwent a vigorous weathering and supergene 
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alterations that led to the formation of the present economic ore deposit. The 
complete knowledge on the mechanism involved and the origin of the manganese 
ores of district Vizianagram, (A.P) ore is scarce. The available literature on the study 
area shows \'aried opinions on the origin of this complex mineralogy. However the 
present author correlates this diverse manganese ore mineralogy with the complex 
regional tectonics and the associated metamorphism and later supergene alteration. In 
this study, the author has compiled a detailed gcochcmical and mineralogical picture 
of the ores and their host rock to present a possible mode of fomiation of the 
manganese ores of district Vizianagram, (A.P). The present study of major and trace 
element geochemistry, ore microscopic, pctrographic and XRF results reveal a very 
intrusting sequential evolution from the sedimentation and co-precipitation to 
diagenetic stage followed by regional metamorphism and post metamorphic 
supergene enrichment. 
7.1 Mineralogical signatures 
The mineralogy of the primaiy manganese ores of the study area is of utmost 
importance to unravel the original manganese rich protolith and the possible 
conditions associated with the formation of these ores within in the bulk geochemical 
.system. The primary ore mineral assemblages and that of the host rocks at this stage 
represent the metamorphism of granulites in the region. The mineral assemblages in 
both the primary manganese ores and host rocks are found in response to the declared 
metamorphism in the region which in itself reveals the existence sedimentary 
protolith in the palaco basin. The coexistence of both the banded primary 
metamorphosed manganese ores and the khondalite-charnockite terrain witness the 
co-metamorphism of the earlier sedimentary sequence with some compositional 
heterogeneity as evident in the studied mineral assemblages (Table 8) and the bulk 
geochemistry (Tables 9 and 17). The primary ores of district Vizianagram, (A.P) 
along with the calc-granulites and other khondalite members have preserved 
important mineralogical trails in support of the initial sedimentary protolith and the 
later metamoiphism. The occasional blasto bedding structures and metamorphic 
rhythmic succession of the supracrustal rocks are well preserved in the terrain 
suggesting the isochemical metamorphism of the khondalites. Sapphirine present in 
some areas of the terrain also suggests HPT metamorphism (Kamineni and Rao, 
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1988). The layered and occasionally folded nature of the khondalite Group of rocks 
and the original sedimentary layering in the primary ores are apparent in the primary 
ores (Figures 2.3a, f and 3.4a-d respectively). The ores microscopic and XRD studies 
of the ore samples confirms the presence of ore minerals of Mn-Silicates, Mn-
Carbonatcs and Mn-Oxides as detailed in figures 4.1-4.9 and tables 7 and 8. The 
secondary ores are dominated by the Mn-oxides especially pyrlosuite and 
psilomelane and cryptomelanc. The secondary manganese ores of the study area are 
formed from the primaiy manganese silicate oxide and carbonate protore (Krishna 
Rao, 1954, 1956a, 1956b, 1963a, 1963b, 1964, 1967; Krishna Rao and Dhana Raju, 
1966; Mukhopadhayay el al, 2005 and Siddiquie and Bhat, 2008, 2010). Mn-silicates, 
Mn-carbonates and Mn-oxides are well preser\'ed in the manganese ore quarries of 
Perumali and Bangaruvalasa ares of the study area (Tables 6 and 8). The present 
mineralogical studies makes full agreement with the previous workers (Mahadevan 
and Rao, 1956); Starczek and Krishnaswaniy (1956); Siddiquie (2004) and Siddiquie 
and Bhat (2010) who declared that the primary ore deposits are metamorphosed and 
arc conformable with the host rocks. The presence of secondary ore minerals 
showing the enhancement in manganese oxide formation and the overall weight 
percentage of the manganese and dearth of the lower oxides associated with complete 
disappearance of the low Mn ore minerals. The host rocks possess metamorphic 
mineral assemblages (Grt-Opx-Biot-Qtz) in garnetiferous quartzo-felspathic gneiss 
and calc-silicate. The stra'tigraphic association and the mineral assemblages of the 
primary ores and their host rocks clearly suggest that they are co-metamorphosed 
under ultra high temperature. The primary ore horizons dominantly comprise of 
metamorphic ore minerals such as braunite, rhodochrosite, jacobsite, hausmannite, 
vredenburgite and spessartite, pyroxmangite and rhodonite as detailed in table 8. The 
primary manganese ores with variable silicate-carbonate admixtures represent the 
metamorphosed ores of the study area and have discussed in detail by Siddiquie 
(2004) and Siddiquie and Bhat (2008). The ores mineralogical constitution and the 
textural relationship at both suggest the syn-metamoiphic origin of the primary ores. 
Among the primary manganese oxide minerals braunite enjoys the full swing at all the 
stages of metamoiphism and deformation. The primary or metasedimentary 
manganese ores of district Vizianagram, (A.P) contain the rhodochrosite- quartz -
hausmannite - rhodonite - spessartite with associated pyrolusite and psilomelane 
Metamorphism can be accounted as responsible for the crystallization of the major 
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silicates such as rhodonite and pyroxmangitc. The mineral assemblage of spessartite + 
rhodochrosite + quartz represents the low metamorphic assemblage as a rememant 
protore for the high grade carbonate lacking assemblages such as that of hausmannite 
and jacobsite. The exsolution of Jacobsite and hausmannite among the primary 
minerals evolved as Vrcdenburgite with windmanstatten texture (Figure 4.2b) 
suggests the lowering of pressure and temperature after the peak regional 
metamorphism. The presence of spessartite in manganese ores suggests 
decarbonation reaction during prograde metamoiphism (Roy, 1981). According to 
Glasby and Schultz (1999) neither rhodochrosite (MnCOi) nor siderite (FeCO}) can 
forr)i in the marine environment in equilibrium with sea water. However, as shown by 
Berner et al (1970), rhodochrosite does occur in both anoxic sulphidic and non-
sulphidic environments whereas siderite is restricted to marine and non-marine anoxic 
noii-sulphidic methanic environments. The mode of origin of spessartite in 
metamorphosed manganese ores derived from the sedimentary protoliths continues to 
be a matter of considerable debate (Schreyer et al, 1992; Thyee et al, 1996). 
Spessartite garnet pervasively developed in manganese silicates and carbonates rich 
rocks and is seen to possess minor inclusions of quartz and rhodochrosite. Such a 
texture reveals the formation of the spessartite through the metamorphic reaction 
between rhodochrosite and quartz in accordance with Nyame (2001), Spessartite was 
experimentally synthesized from Mn Chlorite by Hsu (1968) which made various 
investigators (Abrech, 1989) to believe that the same reactants may have stabilized 
spessartite bearing assemblages in some rocks, however the opinion was criticized by 
Dasgupta et al (1993), who pointed out that spessartite formation from Mn chlorite 
and quartz had not been clearly documented in naturally occumng Mn-Silicate rocks. 
Kramm (1976) suggested a Mn-Montmorillonite precursor for spessailite, but was 
subsequently disputed by Schreyer et al (1992) who rather presented evidence in 
favour of a rhodochrosite precursor. According to Roy (1966, 1981), spessartite in 
some metamorphosed occurrences may have been formed from a variety of 
manganese oxides or oxihydroxides and/or Mn-carbonatcs admixed with siliceous and 
argillaceous sediments. The opinion of Roy (1973, 1981) that spessartite in 
manganiferrous rocks was derived from metamorphism of manganese oxides, alumina 
and silica is also suggested by later workers (Siddiquie and Bhat, 2008) and 
Siddiquie and Raza (2008). Also there is no zoning of core and rim in the case of 
primary ore minerals suggesting that the conditions during the porphyroblastic growth 
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were uniform. Nyame (2001) suggested three possibilities of spessartite formation in 
the Mn ores of mctamorphic origin could be attributed to the following reactions; 
1. Rhodochrosite + quartz + Aluminous Phase (?) = spessartite + H2O + CO2 
2. Mg-Kutnahorite + Quartz + Aluminous Phase (?) = spessartite + H2O + CO2. 
3. Mg-Kutnahorite + Quartz + Aluminous Phase (?) = Ca - Rhodchrosite + 
spessartite +H2O +CO2 
Till date no Kutnahorite was reported by any author from the study 
area and so the rhodochrosite is understood as the only mineral phase to be acclaimed 
as the precursor mineral phase. The metamorphic P-T conditions suitable for the 
formation of spessartite was experimentally investigated by Hsu (1968) who reported 
growth of spessartite from Mn-Chlorite and quartz at around 370-490°c and 0.5 to 3 
kb water pressure. However based on the observations in natural assemblages and on 
the fact that no reversals were obtained in the equilibrium experiments, some authors 
have suggested that spessartite may be stable at much higher temperatures (Roy, 
1981; Flohr and Heubner, 1992). Almost similar opinion of high temperature 
formation of spessartite was given by theye et «/ (1996) and Nyme (2001). The other 
associated mineral counter parts were spessartite forming mineral reactions may 
occur during very low grade regional mctamorphism possibly well below s 300 C, in 
response to relatively low temperatures within manganese rich sediments of 
appropriate bulk composition (Nyme, 2001). The presence of spessartite with 
rhodochrosite and quartz within the Mn-silicate carbonate rocks of district 
Vizianagram, (A.P) provide useful information on the stability of spessartite in the 
precursor impure carbonate protolith. Temperature, pressure, bulk composition, fluid 
phase and fugacity of oxygen are important factors known to influence the stability of 
Mn-rich phases during mctamorphism (Peters cl al, 1974; Dasgupta, et al, 1993; 
Jimenez-Millan and Velilla, 1998). Flohr and Huebner (1992) docmnented the 
mineral assemblage Hausmannite-rhododchrosite-tephorite-spessartite-rhodonite-
jacobsite from a possible carbonate precursor in metamorphosed sedimentai^ y deposits 
of Sirra Nevada, California. Thus the formation of these phases is not a function 
appropriate bulk composition with suitable O2, CO2 and H2O fugacity only but other 
factors such as Eh, pH. Acidity etc. Inclusions of rhodochrosite and quartz in 
porphyroblastic spessartite indicate the former minerals stabilize under appropriate 
Eh pH conditions probably in the diagenetic environment (Dasgupta et al, 1993). The 
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opinion is in agreement with the obsened rhodochrosite (Figure 4.5b). The joint 
presence of spessartite with other carbonate materials in spessartitc bearing 
manganese silicates (Figure 4.1c, 4.8a) suggest miscibility gap and temperatures 
below the crest of solvus (<500"c) in the conformity with the CaCOj -MnCO.^  binary 
plots of sc\'eral authors (Goldsmith and Graf, 1957). According to Peters (1988) and 
Winter et al (1982), the persistence of rhodochrosite + quartz + spessartite 
assemblage and absence of Mn-silicates such as rhodonite and pyroxmangite in the 
Mn bearing rocks suggest lower temperature and pressure of 475"C and 2 Kbar, 
respectively, for XCO2 <1. Experiments of Goldsmith (1983) show that the 
temperatures of >500" C are required for the spessartite growth in the spessartite 
carbonate system (MnCOs -CaC03) which supports the development of present 
mineral paragenesis in the primary ore. According to the qualitative phase diagrams 
provided by Abs-Warmbuch and Peters (1999) as seen in Fig 1), rhodochrosite may 
not coexist with spessartite and quartz in the absence of additional phases such as 
rhodonite, braunite, hausmannite, pyroxmangite, bixbyite, galaxite and tephroite 
irrespective of O2 fugacity and metamorphic conditions in the manganese bearing 
rocks. However, because only small amounts of Ca and Mg can be incorporated 
during spessartite growth, the components of interest in spessartite formation 
approximate the system SiOi -AI2O3 -MnO-COi -HjO. The dominant Mn-carbonate + 
Quartz ± spessartite assemblage suggest that higher amounts of Mn compared with 
Si, Al and other major oxides prevailed in the protolith at the time of spessartite 
growth. The Si-Al-Mn barchart shown in Figure 5.5a, further supports the fact that 
there was sufficient MnO and in some cases SiO: but much less AI2O3 in the original 
Mn rich sedimentary protolith. Hence it is obvious that the Al phase largely 
determined spessartite crystallization in the metamorphosed protolith. The nature and 
composition of the fluid phase during metamorphism also influence the appearance of 
some minerals. Spessartite formation from Mn carbonates is essentially a 
decarbonation-dehydration process (Roy, 1981), a mixed H2O-CO2 fluid may have 
been in contact with both rcactants and products under closed system conditions. This 
mixed fluid, however, may not have significantly influenced the equilibrium reactions 
described above because of the dominant reactant carbonate-quartz assemblage and 
the low grade nature of metamorphism in the rocks. Abs-Warmbach and Peters 
(1999) investigated the relationship between oxygen fugacity and metamorphic grade 
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in aluminous manganese rich roci<s (i, e, the system Mn-Al-Si-0) and suggested that 
oxygen fugacity could be a critical parameter in the mineral reactions. 
The presence of rhodochrosite in the primary ores are the precursor 
carbonates ore minerals in the district Vizianagram, (A.P) manganese ores is most 
probably of diagenetic origin. Mn carbonate ore minerals observed in the present 
ores are most probably formed by early diagenetic reaction of dissolved Mn^^ in 
reducing environments and diagenetically derived from manganese oxides by reaction 
with HCO3 after the precipitation of MnO^. Similarly, some carbonate relicts 
transformed by digenetic reactions to Mn carbonate. There is strong evidence for 
primary Mn oxides transformed to Mn carbonates from the minarlogical 
manifestations of the primary and secondary ores. In the microscopic studies, small 
euhedral rhodochrosite ciystals observed within large Mn oxides refered to diagenetic 
origin. These are apparently associated with a diagenetic reaction of Mn oxides to 
dominant Mn-Silicate-Carbonatcs and generated by pore water-mineral interacting. 
On the other hand, both stratifonn ores show some continuity along strike and 
absence of the lenticular, anatomizing structure of the manganese -ore horizon on the 
gross scale suggest that the manganese oxide deposit is primary in origin. The 
presence of the thin Mn-Silicate-Carbonate ore bands co-folded with the khondalites 
shows that there is a restricted stratigraphic transition between the formation Mn rich 
horizons (Figures 3.2c and e). When considered these e^'idences and the results of 
diagnostic diagrams together, it can be said easily that the Vizianagram, Mn oxides 
represent a primary sedimentary origin but, the Mn-silicatc-carbonate ore formation 
occurred during post-deposional reactions.The main ore body follows the regional 
strike of the khondalites sequence and extends upto many kms within the khondalites 
and does not extend beyond khondalites. According to Golovenko and Starikova 
(2007), relatively large (a few meters along the strike) ore lodes can be formed 
beyond an immediate contact with the stratificated ore bodies only with the 
participation of hydrothermal solutions and thus the confinement of the present 
manganese ores with the khondalites prevent the author to not to understand the ores 
deposit as a typical hydrothermal deposit. However, Vizianagram, type of ore 
mineralogy and geochemistry is predominantly related to shallow water hydrogenous 
environment with metasedimentary or metamorphosed mineral asssemblages. The 
mineralogical features coupled geochemical characters of the studied district 
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Vizianagram, (A.P) manganese ores provide substantial evidences for the mixed 
source of manganese in a shallow shelf environment and are significant for the 
construction of the possible genetic model for manganese ores however the 
mineralogical data alone may lead to an erroneous genetic assessment. Only 
integrated investigations can achieve the total perspective. 
7.2 Geocheinical signatures 
The present ores are chemically characterized as inhomogeneous, siliceous, 
ferruginous and carbonaceous with minor exceptions of some purer samples. The 
bulk ore and host rock geochemistry (Tables 8 and 24) and the discrimination 
diagrams (Figures 5.10-5.14 and 5.31-5.33) for the analyzed primary and secondary 
manganese ore samples from the district Vizianagram, (A.P) has shown many 
evidences in support of mixed contribution from the hydrothermal and terrigenous 
components in a shallow shelf hydrogenous environment. Manganese seems to be the 
principal constituent of the manganese ores in the study area and has attained its high 
concentration as a result of fractionation and separation during diagenesis from the 
other rock forming elements during process of weathering, transport, deposition, 
diagenesis and metamorphism and the later supergene process. The bulk 
composition of the ores could effectively be described interms of the system Si02 -
AI2O3 -MnO-FeT, CaO-MgO-C02-H20. The present manganese ores show 
significant variation in chemical composition especially with respect to Si, Mn, Fe 
and Al among major elements. The Ti, Al and Mg contents are comparable with the 
respective values in the khondalites as deciphered from the various important 
correlations of the major and trace elements. The present ore mineral assemblages as 
discussed in section 4.3 in the study area have developed as a result of varying bulk 
compositions particularly Mn, Al, Si, Fe, Ca and Mn and the formation of these 
minerals is controlled by the ratio of mineral forming elements (mainly Mn, 0 , Fe, 
Al, Ca and Si). The Ti, Al, Fe, Ca and Mg contents are comparable with the 
respective values in the background kliondalites. The values of the ore forming 
elements in the khondalites are much lower than that of the primary and secondary 
ores. The khondalites are characterized by the higher Wt% age of Si, Al, Fe and Ca 
but lower concentration of Fe and Mn. The understanding of the presence of these 
elements in the system demands more justification in terms of the state of the 
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constituents and the then environmental conditions and the post depositional 
diagcnesis, mctaraorphism and supergene alteration. The interesting part of this part 
of the research work is to understand the source and delivery of the constituents of the 
ores material and their state (either solution or solid state) that lead to the formation 
of the initial sedimentaiy protolith. 
The detailed geochemical analysis m the light of mineralogical 
manifestations reveals the enrichment of some Mn, Si, Al, Fe, Cu, Ni, Pb and Zn 
indicating an intense deli\cry of hydrothermal and temgenous matter to the 
sedimentation environment. Evidences of endogenic as well as exogenic source of ore 
elements can be evident in the studied ores (Figures 5.10-5.14 and 5.31-5.33). 
Precipitation of the exognetic matter in the rock association demonstrated by the 
concentration of characteristic assemblage of ore elements like Mn, Fe, Cu, Ni. Pb 
and Zn (Figure 5.16-5.17 and tables 9-10) as well as the pyroclastic mixture recorded 
by the presence of feldspars and spessartite etc in some ore samples and the host 
rocks of district Vizianagram, (A.P). Higher silica content in primary ores can be 
ascribed to abundant braunite content as a result of syngenetic ore formation prior to 
the metamorphism. Relatively high amounts of Si, Al and Ti as well as good 
correlations between Si02 and AI2O3 and TiOi (Tables 9-10) in the manganese ores 
of district Vizianagram, (A.P) may be due to the admixture of dctrital material during 
precipitation as depicted from the Fe-Al_Mn ternaiy plot (Figure 5.11, After; Choi 
and Hariya, 1992) and the discrimination diagram of Si/Al (Figure 5.13, After; Peters 
1998). The high Al concentration in both the host rocks and manganese ores are 
indicative of sedimentary contribution (Crerar et al, 1982). Higher vaules of Si and Al 
in the primary ores, but higher Mn is observed in the secondary ores (Figure 5.5) 
suggests clear supergene enrichment. Generally in hydrous conditions Al-Fe-Mn 
triad, the solubility of manganese is maximum (as is its mobility) and hence, during 
downward movement of iron and manganese in solution, a change in Eh-pH may lead 
to precipitation of iron in preference to manganese and an effective separation 
between the two may take place. In Si-AI discrimination diagram of Peters (1988), 
Vizianagram manganese ores fall as hydrogenous-dctrital deposits as shown in Figure 
5.13. Morover, as the Mn/M ratio increase contemporaneously from the host rocks to 
secondary ore, the Al/ (Al + Fe) ratio in the primary ores virtually remains the same. 
The combined Al-Fe-Mn diagram (Figure 5,11; After, Choi and Hariya, 1992) of the 
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thirty manganese ore samples illustrates the geochemical specialization of the ore (Al 
and Fc concentration in primary ores while as the Mn concentration in the secondary 
ores. When plotted on Si-Fe-Mn ternary plot (Figure 5.10) of Toth (1980) the ores 
indicate Fe-Si poor and Mn rich tendency of the secondary ores with the higher 
content of Si and Fe in the primary ore and all the ore samples fall close to 
hydrogenous -diagcnetic fields. Similar genetic nomination of detrital-hydrogenous is 
seen in the ternary diagram of Fe-Mn-(Ni+Cu+Co) .shown in figure 5.12. In addition 
to these diagrams the Si/Al and Mn/FeT ratios (Table 14) agrees with the 
compositional trend of the general Precambrian manganese ore deposits as compiled 
by Maynard (2007 and 2010). Almost all the analyzed samples show wide variation 
in Si02, MnOa AI2O3 and FeiOj values (Tabic 11-13). Drastic difference in the Mn 
weight percentage in the manganese ores and their host rocks reveals changes in the 
physico-chemical conditions of the basin that favoured the Mn mineralization with 
the decreased terrigenous supply. The dearth of the Si, Al and Ti was counter 
balanced by the formation of manganiferous protolith with the supply of manganese 
being higher than other ore forming elements. 
The oceanic waters have enormous dissolved Mn ^ ions in oxygen minimum 
zone and Mn"" in the upper zone where Mn"" gets precipitated as Mn02 at the 
redoxcline (Figure 7.1). However the ferruginous nature of the primary ores is still a 
debate. According to Canfield et al (1993) adsorption of Mn^ ^ and Fe''^  onto Mn and 
Fe oxides can significantly reduce the concentration of Mn '^ and Fe'" especially in 
bioturbafed sediments where adsorbed species become oxidized in contact with 
oxygen and recycled iron oxides with free adsorption sites are rapidly re-available. 
This mechanism could be possible for the flocculation of Fe-Mn hydroxides and Mn-
oxides leading to the fonnation of the manganiferous sedimentary protoliths which 
later resulted into the formation of primary ore. General trend of variation in the 
Mn/Fe ratio from the SEDEX, hydrothermal to hydrogenous, sedimentary and 
lacustarine supergcne manganese ore is a common fact. Hydrothermal deposits are 
characterized by high Mn/Fe ratio and low trace metal Concentrations (Hein et al, 
1993) than the sedimentary and supergcne manganese ores. The approximate Mn-Fe 
relations are defined as Mn/Fe <1 for lacustarine environment, Mn/Fe =1 for 
hydrogenous origin and Mn/Fe = 0.1-10 for SEDEX deposits (Nicholson et al, 1997; 
Oksuz, 2011). The Mn/Fe ratio of manganese ores of the study area are Mn/Fe = 1.27 
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and 4.14 in the primary and secondary manganese ores secondary ores. The values 
are neither consistent with the hydrothermal cxhaiative manganese ore deposits of 
ophiolitic and submarine spreading centers (Crerar et al, 1982) nor with the marine 
and SEDEX deposits (Nicholson e/ ah 1997). The average Mn/Fe ratios of 
sedimentary manganese ores of Ulukent (Turkey) have been reported as 2.16 -18.98 
(Gultekin, 1998) which is somewhat close to the present manganese ores of district 
Vizianagram, (A.P) and can be understood as an original sedimentary ore deposit 
with a due contrast in the primary and secondary ore. The contrast and Mn 
enrichment in the values can be ascribed to fractionation of Fe and Mn and the post 
depositional metamorphism and supergene alteration primary and secondary 
manganese ores respectively. The present Mn/Fe values arc slightly higher than 
typical lacustarine and hydrogenous environment but the Mn rich and Fe poor 
compositional similarity of the Vizianagram manganese ores to some shallow 
sea/shelf deposits (Harris and Troup, 1969; Thomas and Cronan, 1972; Callender and 
Bower, 1976) is clearly diagnostic. The moderately elevated Mn/Fe ratios of the 
present Mn ores are lower than deep marine manganese nodules suggesting that 
hydrogenous and diagenetic mechanisms, together or separately might have acted in 
the Mn enrichment as well as the manganophyllic trace elements in accordance with 
Roy (1992). According to Mita et al (1994), hydrous Fe fi-ee manganese minerals 
precipitate as manganese (Mn''*) mineral after the oxidation of dissolved Mn^ * from 
the interstitial water of unconsolidated surface sediments in the course of early 
diagenesis of the sediments and the minor essential elements (Cu, Ni, Zn are 
subsequently incorporated between the sheet structure by Ion exchange. Negative 
correlation of Mn with Fe can be ascribed to the fractionation and the supergene 
em-ichment of the studied ores. Manganese due to its high solubility stays longer in 
solution is transported farther than low soluble Fe counterpart indicating the remote 
hydrothermal source of Mn with continental Fe from the Archaean mafic province 
(Figure 7.1). According to (Nicholson, 1990) emission of hydrothermal solution in 
shallow continental basins has also produced strata bound manganese ore deposits. 
Higher Mn/Fe ratios of both the primary and secondary manganese ores reveals 
fractionation of Fe and Mn. Nicholson (1992) summarized some potentially 
diagnostic positive coiTelations of Mn from different genetic types of the manganese 
ores , namely Mn-Ba for fresh water oxides; Mn-Pb for dubhites (oxides formed by 
the weathering of a mineralized sequence) and Mn-As for hydrothermal deposits. 
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According to the author, geochemical associations arc related to a given deposit type 
and normalization of the oxide chemistry against manganese content can be employed 
as a discriminatory in defining element pattern. In case of district Vizianagram, (A.P), 
manganese shows positive coiTelation with Ca, Ba. Ni and Pb (Figures 5.18 e-f and 
5.19a) suggesting a fresh water and supergene alteration in accordance with 
Nicholson (1992). The negative correlation of Mn with Si-Al-Fe and Cu (Tables 9-
10) dominantly reflects the clastic contribution of these elements excluding Mn itself 
during the manganese mineralization. The results of these correlations showed that 
Mn shows positive correlation of Fe with Co and V in the present manganese ores but 
negative con-elation with the element group Zr Zn, Mo and Pb (Tables 9-10) pointing 
to the feiTophilic nature of V and Pb rather than their manganophillic. Burns and 
Brown (1972) suggested similar tendencies in hydrogenous manganese minerals as 
observed in the Vizianagram manganese ores indicating the hydrogenous origin of the 
present manganese ores of Vizianagram. These results provide indirect evidence that 
different mechanisms are responsible for the elevated contents of Mn and the groups 
of trace elements in the primary and secondary ore. 
in addition to Mn, the manganese ores are enriched by several facors relative 
to the regional background of the host rocks in the teiTain and include the trace 
elements like Ni-Cu-Co and Li. Interestingly, increase in the MivFe value during 
diagenesis of the most Mn ore deposits and later supergene enrichment promotes 
increase in the contents of microelements like Ni, Cu, Co and Li of the manganese 
group and decrease in contents of elements of the iron group as evident by the inter-
elcmcntal correlation. This feature is related to the primary sedimentary accumulation 
of the trace elements of the Precambrian and the diagenesis of the initial protolith. 
Early diagenetic migration of Mn, Ni, Cu, Mo, V and Co from the manganifeiTOUs 
sediments can also be accounted for the primary ores genesis. The Mn- Ba-Co-Ni-Zn 
geochemical association .also suggests a freshwater origin (Bruland, 1983 and 
Nicholson, 1992). The inter-elemental correlations between the constituents of the 
primary ores of the study area indicate a partial contribution of the dissolved Mn with 
Fe and other terrigenous material towards a common basin. The conditions of the 
precipitation of the manganese in the shelf zone are a complex mechanism and needs 
more justification. Generally the Archaean Mn deposits arc all high Fe, whereas 
younger deposits. The present manganese ore is generally Mn rich and Fe poor with 
high values of Mn/FeT (Maynard, 2010) which con-esponds to the general 
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characteristics of ttie older sedimentary ore deposits of the Archaean Period having 
higher values of Mn/Fe indicating the efficient mechanism of separation of Mn and 
Fe. According to Sapozhnikov (1967) the depositional behaviour of Mn is governed 
by the hydro geochemical regime of the basin. For Mn, the role of MnOOH and 
Mn02 in formation of Mn oxides has long been known. Bricker (1965) showed that 
MnOOH was precipitated first on oxidation of Mn2C and then immediately oxidized 
giving the appearance of direct precipitation to the more highly oxidized phase. The 
MnOOH present in the marine environment is is widely accepted (Hem et al, 1989). 
However, the reaction pathway proposed by Giovanoli (1980) does not show 
MnOOH as an intermediate in the formation of marine manganese ores as does that of 
Bricker (1965). Crerar et al (1980) pointed out that Mir" is unstable with respect to 
Mn'^  and Mn"** and therefore considered that Mn is as Mn " and Mn"*" in equal 
amounts (Gramm-Osipov et al, 1997). Mn is accumulated from the sea water by 
chemical adsoiption of Mn'* on Fe hydroxides with the subsequent oxidation during 
exchange redox process. According to Hem (1972), Brookins (1988), Gramm-Osipov 
et al (1990) and Gammons and Seward (1996), Mn"' is the principal aquatic species 
of Mn in sea water. However, Mn""^  is confined to reduced waters while as Mn'^to the 
oxidized waters in accordance with Maynard (2010). Precipitation of Mn may be due 
to the dilution of stagnant bottom waters by the oceanic water loaded with Mn''", 
resulting in the development of oxidizing physicochemical conditions that promote 
the precipitation of Mn'* from the oxidation zone. The upwelling and expansion of 
the Oxygen Minimum Zone (OMZ) as declared by Jenkins et al (1991). The 
expansion of reducing conditions on the seafloor, possibly due to the enhanced 
surface-water producti\ity, caused mobilization of Mn oxides from deep water 
sediments into the mid-water column and transfer to shallow water sediments 
(Maynard, 2010). This oceanic Mn in combination with the fresh Mn of the oceanic 
hydrothermal sources lead to the higher concentration of dissolved Mn ' in the OMZ. 
The upper boundary of the OMZ forms the rcdoxcline (contact plane between the 
oxidized surface waters and reduced bottom waters) as seen in Figure 7.1. 
Precipitation of Mn"" is controlled by reducing conditions and the concentration of 
Mn"*" in the reduced waters below the oxidized waters in the shelf zone. The cyclic 
precipitation of Mn'" from the oxidized surface waters into the dissolved Mn " 
terminates at the point of contact with the sediment surface. At this contact position, 
Mn'" can be re-oxidized to insoluble MnO^ which falls to the bottom where it is 
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converted to Mn-curbonate during early diagenetic reaction with organic matter 
(Calvert and Pcderson, 1996). At the same time by oxidizing environment's effect Ni, 
Pb and Zn could also form compounds with oxides of Mn together, such as 
ZnjMnjOj, NijMn.iOs and Pb'MnjOs and so on. These formative oxides made Mn 
more oxidized and concentrated. Thus Ni, Pb and Zn accordingly are enriched along 
with Mn elementary ceaseless concentration. Pb"', Zn' , Ni"*^  and Mn'^may also form 
isomorphous compounds with Mn and Fc. When these isomorphous compounds 
entered zone of oxidation from native zone, manganese could convert from Mn''^ to 
Mn and Mn"', associated with rise in Eh value (.fiang et ah 2006). Along the 
suggested rcdoxcline the precipitated accumulation of large amounts Mn-oxides and 
hydroxides with the sedimentary admixture was followed by diagenetic carbonate 
formation place in the shelf zone. This model of the manganese ore genesis in the 
present study area is the most possible mechanism of precipitation of manganese ores 
as shown in Figure 7.1. Concentration of this material in the sedimentation zone was 
fostered by the stagnant reducing environment of bottom water. Ore deposition was 
promoted by the periodic delivery of fresh portions of ocean water that created 
oxidizing conditions favourable for the precipitation of Mn. According to Usui et al 
(1986), hydrous Fe free manganese minerals precipitate as manganese (Mn ') mineral 
after the oxidation of dissolved Mn"* from the interstitial water of unconsolidated 
surface sediments in the course of early diagenesis of the sediments and the minor 
essential elements (Cu. Ni, Zn are subsequently incorporated between the sheet 
structure by Ion exchange. According to Canfield el «/ (1993) adsorption of Mn^ * and 
Fc'" onto Mn and Fc oxides can significantly reduce the concentration of Mn"* and 
Fe"' especially in bioturbated sediments where adsorbed species become oxidized in 
contact with oxygen and recycled iron oxides with free adsoiption sites are rapidly re-
available. This mechanism may be accounted for the flocculation of Fe-Mn 
hydroxides leading to the formation of the manganiferous sedimentary protoiiths for 
the primary ore. High phosphorus in the manganese ores of the study area may be 
attributed to its strong positive correlation with FeT instead of Mn. Fe shows positive 
correlation with P^ Os in the present manganese ores just like most other sedimentary 
manganese ores. A high degree of correlation of P with Fe has been shown for the 
first time by Calvert and Price (1977b) from the shallower parts of pacific which 
points to the shallow shelf environment of the present ores. There are substantial 
evidences in support of the shallow water-hydrogenous origin of the present 
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manganese ore sueh as high Ba, P and K as compared to the typical deep marine 
hydrothcrmai manganese ores. The enrichment of variable valence and other biophile 
elements (such as P, Fe, Mn, Co, Cu, Sr, Ba, Ni and Zn) is also a characteristic of 
bacterial activity sediments. Fe in the manganese ores of district Vizianagram, (A.P) 
shows positive conelation with Al, Co, Mo, Zn and Zr (Tables 14-15 and Figures 
5.19-20). Mn is negatively correlated with Si and insignificant relation with P2O5 and 
V suggests varied sources of Fe and Mn rather than a common source. The direct 
hydrothermal influx of Fe seems less significant as compared to temgenous supply 
from the ferruginous host rocks as evident in the elemental correlations of Fe with Mn 
and the Mn/Fe ratio. The dominant iron species in sea water include Fe (0H)3, Fe 
(0H)2 and Fe (HS)0:^ as stable aqueous species under reducing conditions while as 
goethite (FeOOH), maghemite (FeiO^) and magnetite (Fe304) appear to be the stable 
solid phases in marine conditions (Bruland, 1983). 
Bruland et al (1994) suggested that goethite is the stable phase at the redox 
conditions of sea water and that Fc is present in sea water in both particulate and 
soluble form and might .have been formed with the manganiferous sedimentary 
protohth with the manganese in the initial stages. These species of Fe are the probable 
source of Fc for the studied manganese ores in the present terrain. In adition, it is 
concentrated in the dctrital material formed at the expense of destruction of 
ferruginous rocks. Iron is also a characteristic element of the hydrothermal influx in 
the marine sources and its major portion in the sediments of marginal seas occurs in 
terrigenous clay minerals (smectites, chlorites and Fc-hydromicas) which can also be 
accounted as the source of Fe for the studied ore. Rozenson and Heller-Kallai (1976a, 
1976b) showed that the potential of repeated reduction and oxidation of Fe within 
silicates with the aid of chemical agents which could be the possible reason of the 
highly variable content of Fe in the present manganese ores and their host rocks. 
Varied forms of Fe in the manganese ores of almost all samples in the form of 
maghemite, magnetite, \Tedenburgite and jacobsite, haematite etc can be attributed to 
the reactive character of Fe. According to Canfield et al (1992) sedimentary iron can 
be regarded as reactive from two perspectives, the bio-available fraction consisting of 
iron oxy-hydroxide (FeOOH H2O: poorly crystallized, easily reducible) and iron 
oxides (goethite, haematite, magnetite: well crystallized, only soluble by strong 
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reducing agents). Iron phases like iron oxy-hydroxide, iron oxides and iron-
containing silicates are too reactive (Canfield a/. 1992; Kostka et al.1996) discovered 
experimentally the microbial Fe (+111) reduction within terruginous clay minerals 
which was postulated before by Lyle (1983) and can be accounted as the iron 
components of original sedimentary protolith and the resulting mineral phases in the 
present ore rather than the biogenous fraction. The difference in stability fields of 
FeOOH is less readily mobilized but more readily precipitated than Mn02 in the 
marine environment (Crerar and Barnes, 1974; Davison, 1993). This means that Mn 
is more mobile than Fe in both submarine hydrothermai (Hannington and Jonasson, 
1992; Lillcy et al, 1995) and shallow marine (Glasby, 1977) environments. Due to 
this fact the present manganese ores have high Mn than Fe in both primary and 
secondary ores. Barium content of the present manganese ore is high as compared to 
the hydrothermai or deep marine manganese ores as detailed m tables 15-16. Higher 
content of Ba is indicative of sedimentary origin in accordance with Giiltekin (1998) 
and Oksuz (2011). Tn general the Ba content of fresh water deposits is higher than the 
marine because the low concentration of sulphides present in the fresh water prevents 
precipitation of barite, leaving Ba free for substitution in Mn-minerals principally 
psilomelane, When the fresh water and sea water mix up barium precipitates easily as 
Bas04 and therefore in freshwater sedimentation Sr/Ba <1 while as in marine deposits 
it is >1 (Fan, 1994). According to Nicholson (1992), the positive coirelation of Mn 
with Ba-Co-Ni-Zn is a characteristic of fresh water manganese ores. Similar positive 
coiTelations of Mn with Ba-Co-Ni-Zn in the present manganese ores (Figures 5.10 to 
5.13) suggests shallow-fresh water genesis of the ore. Higher wt% Ba in the 
secondary manganese ores of Vizianagram also agrees well with their supergene 
alteration similar to the findings of Nicholson (1992). Some of the ore samples are 
characterized by the virtual lack of indicator elements of the terrigenous Source (Al, 
Ti and Mg) and the low Ca content, while silica and Mn contents are high. This fact 
suggests high rates of the accumulation of ore bearing sediments in some sectors of 
the seafioor. Under these conditions, the chemogenic and terrigenous sedimentation 
was suppressed by the input of hydrothermai material. During the diagenesis of such 
sediments, the reducing species of Mn reacted with the siliceous gel to form silicate 
compounds, while the excess metal was fixed in rhodochrosite as the result of 
reaction with carbon dioxide in interstitial waters. Presence of moderate Ca also 
suggests a carbonate precursor which in general is confined to shelf zones. With 
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respect to Na and K, the former has lower concentration in the manganese ores of the 
study area (Table 9 and Figure 5.6). Most of the manganese mineral phases are the 
carriers of Na and other alkalis and include cryptomelane, psilomelane and hollandite 
(Siddiquie, 2005 and Siddiquie and Raza, 2008). With respect to Na and K, the 
manganese ores of district Vizianagram, (A.P) ha\c higher K than Na values in both 
primary ores and secondary ores as seen throughout the district (Table 8). Higher 
weight percentage of Ca in the sedimentary- diagenetic and shallow marine 
manganese ores than hydrothermal and deep marine manganese ores (Table 15) is a 
clear with minor exceptions. According to Cretar et al (1982) the positive correlation 
of Mn with Ca but negative correlation with Fe suggests early diagenesis and the 
carbonate replacement of hausmannite and rhodochrosite. Generally the MnC03 
becomes the predominant aqueous .species at pH values > 9.1. Suggesting increase in 
Eh and pH in the geoehemical system after the precipitation of the initial Mn phases 
from the water. Higher concentration of Na', K', Ba* and Ca'' as observed in the 
manganese ores of Vizianagram suggests high redox potential in accordance with 
Burns and Burns (1977) pointing to the existence of the redoxcline of Maynard 
(2010) as a result of the mixing of the fresh and saline water at the time of 
precipitation of the manganiferous protolith on the shelf zone. The Na-Mg 
discrimination diagram of Nicholson (1988) as seen in (Figure 5.15) shows that the 
present manganese ores fall close to the fresh water-shallow water environment 
instead of the marine field. 
The trace clement geoehemical characteristics show that the formation of the 
manganese deposits in district Vizianagram, (A.P) isnot determined by single 
element, but results from interactions of many elements. Although content of some 
elements are low in concentration but they have played an important role in 
manganese concentration process. The trace element data of the primary and 
secondary manganese ores from district Vizianagram, (A.P) shows three distinct 
groups of trace elements as Ni-Cu-Co, Pb-Zn-Zr and Sr-Cr-V-Li in the order of 
declining concentration as can be seen in the variation diagram (Figures 6.7a-b). The 
comparison shows much similarity in Ni and many other trace elements of the 
secondary ores with that of Orissa, India (Mohapatra and Nayak, 2005a and 2005b). 
The ores show close similarity of Cu contents with the manganese ores of Koi-yu, 
Japan (Table 15-16). The concentration of Co and Cr content is again higher than the 
other manganese ores like that of Turkey, China and Pacific Ocean but lower than 
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that of Orissa as detailed in Table 15-16. The average Sr values of 115.49 and 254.06 
ppm recorded in the primary ores and secondary ores respectively and are far lower 
than that of the reported values from Orissa, Turkey, Pacific, China and U. S. A 
(Table 15-16). The average V content shows insignificant values while as Pb shows 
slightly elevated values. Zr is higher in the primary ores than in the secondary ores 
and in the overall ore it shows higher peaks than that of the reported values from 
pacific manganese ores and that of Orissa (Table 15-16). All the similarities suggest a 
mixed source of the hydrothermal, biogenous and terrigenous and volcano-clastic 
sources, hi general, Mn and Fe are considered as two main elements that adsorb the 
trace elements irrespective of any surface charge and were also concluded from the 
experimental studies of Krauskopf (1956). Trace elements like Ni and Cu show 
positive con'clation with Mn as they are all gradually gathered followed by the 
increase of Mn content, which was determined by element's nature. It was also shown 
by Murray and Brewer (1977) that Mn oxides and Fe oxides are extremely efficient 
scavengers of cations and anions alike, irrespective of surface charge and so the 
higher values of the manganophyllic and ferrophyllic trace elements with the former 
as more efficient due to the higher values of W't% of Mn in the ores. Most of the trace 
elements are very close to the values of that of the manganese ores of Orissa 
(Mohapatra and Nayak, 2005a and 2005b), metasedimentary Garividi and 
Chipunipalle (Siddiquie, 2004) and Barbil (sedimentary) manganese deposits (Table 
15-16). Fe- (Co+Ni+Cu) -Mn discrimination diagram of (Bonatd et ul (1972), Ni-Zn-
Co discrimination diagram of (Choi and Hariya, 1992) and Co/Zn vs Co+Ni+Cu of 
discrimination diagram (Toth, 1980) were also used to probe the Vizianagram 
manganese ore genesis and were found very conclusive in the present piece of 
research work. 
The concentration of cobalt is 530.80 and 866.38 ppm in die primary and 
secondary manganese ores of district Vizianagram, (A.P). The highest concentration 
of Co in the manganese ores recorded so far in the available literature is 1.79 wt% 
(Hcwett. et al (1963) from Western supergene oxides of Cherry Geek, Montana. The 
levels of Co found in the current study area are far higher than the range of the typical 
hydrothermal deposits (/, c < 300 ppm). The values of Co being highest in the sea 
mounts and other deposits of elevated areas (up to 1 Wt% on Kelvin sea mount) and 
lowest in the topographically depressed basins suggests that different mechanisms 
were involved in the formation of these ores. Higher contents of Co and Fe in the 
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high redox potential areas of topographic highs has been attributed their 
accommodation by S-MnO: (Barnes, 1967; Goldberg, 1961; Burns (1965, 1976), 
Cronan and Tliooms (1969) which can be accounted as the mechanism of 
incorporation in the ferro-manganese oxide ramerals of the study area. C 0"*in sea 
water is initially adsorbed on the surface of S-MnO: near vacancies in the edge-
sheared MnOf, octahedral and is then oxidized; low spin COj*, then enters the 5-
MnOa lattice (Bums, 1976). Also, the ionic radius of CO3' is similar to that of Mn4+ 
(O.54A) and can be considered as the substitute during the formation of the oxy-
hydroxides of manganese and h'on during their formation from the shallow shelf 
waters in the oxic environment. Good correlation between Fc and Co suggests 
absorption of Co by Fe phase (Banerjce and Miura, 2001; Halbatch et al (1981) and 
due to this fact the samples with high FeT wt% values are seen to contain higher 
values of Co in the present study (Tables 9 and 17). The Co/Ni ratio is an important 
criterion for determination of sedimentai^ environment and is used to distinguish 
hydrogenous and hydrothermal deposits (Toth, 1980). Co/Ni values in both the 
primary and secondary manganese ore is 0.60 hence Indicates the sedimentary 
environment. The Co/Zn vs Co+Ni+Cu of discrimination diagram of Toth (1980) 
suggested hydrothermal diagenetic fields and on the basis of present interpretation the 
author suggest the hydrothermal/diagenetic field nominations (Figure 6.12). The 
lower values of Co/Ni than the ores associated with marine topographic highs also 
indicate that precipitation of the ores was not hot water sedimentation and the depth 
of the basin was almost alike throughout the study area in accordance of Fan (1994) 
and Nicholson (1992). Thus Co/Ni ratios also support that both sedimentary and 
shallow marine environments were effective for the fonnation of Vizianagram 
manganese deposit which are basically hydrogenous compounds of manganese . The 
Co/Zn ratios are low as compared to deep marine, typical volcanogenic and 
hydrothemial manganese ores. The average Co/Zn values of 0.97 in the primary ores 
are high but is as high as 4.63 in the supergene or secondary ores of the study area 
indicating gain in the Co contents with supergene enrichment of the ores and agrees 
well with the finding of Nicholson (1986, 1992). Manganese ore minerals also adsorb 
Cu and other trace metals from sediments during the process of diagenesis as per the 
findings of Volkov and Sternberg (1981), Bazilevskaya (1985). Higher concentration 
of trace elements such as Cu and Ni are also known to be the products of early 
diagenetic (Hal batch et al (1981b; Calvert and Price;, 1972). Preferential uptake of 
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Ni, Co and Cu is seen in Vizianagram manganese ores as compared to the manganese 
ores of otiier genetic types as seen in Table 15-16. The positive Mn-Ni-Cu correlation 
generally observed has also been explained by the mechanism of formation of 
todorokite by the recrystallization of 6-MnO; in the presence of Ni^' and Cu'' ions 
(Burns and Burns, 1978). Generally the secondary ores contain higher concentrations 
of total base metals (Co+Cu+Ni+Zn) than secondary ores. Cu, Ni, Zn, Mo, K and Ba 
can preferably enter the todorokite lattice in the areas of relatively low redox potential 
in deep sea and continental margins in low and high cation concentration 
respectively, incorporation of trace elements occurs in diffuse outer part of the 
electrical-double layer substrate and into the disordered inner layer todorokite 
structure (Murray et al, 1968). The relative concentration of base metals in the 
primary ores arc Ni>Co>Cu, while as in secondary ores it is Cu > Ni > Co indicating 
the dominance of hydrothermal contribution for the primary ores and the supergene 
addition of Cu in the secondary ores. In continental margin areas the manganese ore 
deposits have trace metals Ni, Co, Cu as they may form stable chelates within the 
sediments. The variable concentrations of Ni, Co, Cu and Zn within the ores of the 
study area also reveal fluctuations in the trace element supply towards the 
depositional environment. The concentration of Ni, Co, Cu in the manganese ore is 
also determined by the Mn/FeT ratio. Hydrothermal and volcanogenic-sedimentary 
deposits of varying composition have been reported from the flank of the East Pacific 
Rise (Mn/FeO = 0.06, Low content of Ni, Co, Cu by Bonatti et al, 1972, 1976) and 
from Hess Deep the Mn/Fc is 0.77 with content of Ni, Co and Cu relatively enriched 
(Burnett and Piper, 1977), while as the Galapagos spreading center having Mn/Fe of 
555-5000 with Ni, Co, Cu content very low (Moore and Vogt, 1976). The average 
concentration of Cu, Pb and Ni of the studied samples shows much similarity with the 
Precambrian manganese ores of Orissa and Vizianagram, (Acharya et al, 1996; 
Siddiquie and Raza, 1990) Bhandara, Maharashtra (Rai et al, 1979) and Barbil, Orissa 
(Ajmal, 1990); Vizianagram, (A.P), (Siddiqiue and Bhat, 2010). When plotted on a 
ternary diagram incorporating the diagnostic marine elemental assemblage Co-Cu-Ni, 
the Vizianagram, ores lie distinctly away from the position of ferromanganese 
nodules of the Pacific and Indian oceans; the Arndilly (hydrothermal) and San 
Francisco (volcanogenic) manganese ore deposits. Ni and Cu are taken up dominantly 
in the divalent state but Cu is of particular interest because of its known depletion in 
Co-rich manganese crusts taken below the oxygen minimum zone. Compositional 
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data plotted on Fc-Mn- (Co-^Ni+Cu) x 10 ternary diagrams of Bonatti et al (1972) 
shows that all the samples fall within the detrital-hydrogenous field. According to 
Banerjee and Miura (1998) and Banerjee and Miura (2001), mobility of Mn is higher 
compared to Ni, Cu and Co under suboxic conditions. Therefore, higher Mn/Fe ratios 
as compared to the marine ferromanganesc ores could indicate oxic conditions 
overlying suboxic sediments or the high redox potential in the palaeo basin of the 
present manganese ores in accordance with the finding of Banerjee and Miura (2001). 
Also the variable Sr/Ba values are the same as the Sr anomaly, the Sr/Ba values of the 
Mn ores and khondalites are low reflecting tJie shelf facies sedimentary environment 
with low salinity conditions. The apparent contrast in the bulk ore geochemistry of 
the primary and secondary manganese ores (Figures 5.6 and 6.7) reveals the 
channelization of the ore forming elements especially the Mn and the manganophyllic 
trace elements from the primary and secondary manganese ores. In Mn-Fe-
(Co+Ni+Cu) xlO ternary diagram (Figure 5.13) after Bonatti et a I (1912) and Crerar 
et a/ (1982), all samples fall in detrital-hydrogenous field. Since Mn is also negatively 
correlated with the trace elements like Zr Zn, Mo and Pb but there is positive 
correlation of Fe with Co and V (Tables 14-15) pointing to the ferrophilic nature of V 
and Pb rather than their manganophillic. Burns and Brown (1972) suggested similar 
tendencies in hydrogenous manganese minerals as observed in the Vizianagram 
manganese ores indicating the hydrogenous origin of the present manganese ores of 
Vizianagram. Pb and Zn values are comparatively low in the present ores. Laboratory 
results of Gadde and Laitinen (1974) showed that over the pH range 2-8 the extent of 
adsorption of Zn is always high. The higher concentration of Pb and Zn in the 
primar}' ores can be considered as the diagnostic hydrothermal and volcanogenic 
input in accordance with the result of researchers on the manganese ores (Zantop, 
1981; Nicholson. 1986 and, 1988; Ajmal, 1990). Results of the geochemical study of 
manganese ores from the district Vizianagram, (A.P) made it possible to refine the 
genesis of the ores in the study area and some peculiarities of the geochemistry of 
manganese ore forming processes. Affiliation of the manganiferrous association to 
the volcanogenic (hydrothermal) sedimentary type is proven by several indicators 
such as the facies genetic inlerpretation of the ores hosting section, the petrochemical 
and mineral composition of rocks in the ores bearing rock association, the presence of 
coeval volcanic formations. But the slightly lower concentration of Pb and Zn in 
Vizianagram ores distinguishes them from the typical hydrothcrmal-volcanogenic 
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manganese ores (Table 5.4) pointing to the supergcne alteration and mixed sources of 
contribution. The average Co/Zn ratio of the thirty ore samples from Vizianagram is 
4.41 and being greater than 1 suggests the hydrogenous origin in accordance with 
Toth (1980). Source Cr in the present manganese ores has been attributed to the mafic 
rocks of the region by Rao (1983) and Siddiquie (2004). Moderate contents of Li can 
either be associated in high temperature manganese minerals or with Al and may be 
accounted as the cause of their higher concentration in the primary ores as compared 
to the secondary ores. The possible source of Li was most probably the hydrothermal 
discharge into the depositional basin. Additional input may be due to the terrigenous 
supply through weathering of alkali pyroxenes during the manganese mineralization 
in the study area. The major and trace element diagno.stic diagrams and the absence or 
below determination limit concentration of As and Ag etc indicate that the 
Vizianagram manganese ore deposit is not hydrothermal type. On the basis of 
accumulation of manganese mineralization in the oxic zone, the possible association 
with sea-level fluctuation, associated rocks and occurrence in a sequence of rocks 
containing shallow-shelf sedimentary facies. The concept of "colloidal gel" of Roy 
(1981) suggests solution rich in the elements like Ba, K and Pb seems to have invaded 
the ores after the primary consolidation metamorphism because the present samples 
fi'om primary ore horizons are devoid or least associated with these elements. In the 
light of major and trace element studies, the present research work concludes that the 
manganese ores of district Vizianagram, (A.P) are the result of a set of geological 
process that have operated in the Precambrian followed by diagensis and the latest 
supergcne alteration which operates at present as well metasedimetns, including 
rrianganese ores of district Vizianagram, (A.P) were formed during diagenesis by the 
intei'vention of sulfur reducing bacteria reflecting the sedimentary origin of these host 
rocks. The ores was formed primarily in the oxic system followed by anoxic 
treatment as evident in the presence of pockets of shale as detailed by Siddiqquie 
(2004) and Siddiquie and Bhat (2010). 
The Precambrian transgression is mostly responsible for large input of 
dissolved Mn and organic matter to sea water. As a result of this, a oxygen minimum 
zone (OMZ) or the anoxic zone with restricted change with the basin led to the 
accumulation of dissolved Mn and Fe with low Eh values (Eh<0) in the shelf water 
column. During this period, the continued hydrothermal fluids rich in manganese 
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were released into the anoxic sea from some remote location where they remained in 
solution till they reached the favourable site of deposition in the shelf were they were 
trapped and preserved with organic matter, hi the stage of peak transgression, both 
oxygen depletion and dissolved Mn reached to a maximum level in the reducing 
waters. The present manganese ores are largely associated with the early stages of 
marine regression leading to relative deepening of the oxidation-reduction interface. 
In this stage, the sea water becomes more oxic and anoxic deep sea water enriched in 
Mif" has transgressed to a self region containing abundant oxygen. So, manganese 
ores are deposited within restricted basinal areas reflecting an estuary or lagoon, as a 
function of gradually raising the Eh and pH. Sedimentation in the late stages of 
transgression was most probably dominated by the deposition of lime stone shale and 
sand stones. As a function of increasing thickness of sedimentation and the presence 
of HCO3 in sea water, some prmiary manganese oxides transformed to manganese 
carbonates and dissolved manganese again led to diagenetic reactions in the protolith 
and most probably some calcite pisoliths also transformed to manganese carbonates 
in this stage. All these evidences suggest that the ores were initially deposited in the 
shallow-water zone of contmental shelf in an oxic environment followed by anoxic 
treatment. The suggested depositional model for the Vizianagram manganese deposit 
is given in Figure 7. Moreover, the present ore can in no way be considered as 
aquagene (found in alluvial sands and on sediment water interface on ocean floors in 
the form of cmsts instead as hydrogenous being the syngenetic intrastate ore deposits 
as depicted by their tlcld characteristics and the mineralogy. In case of the solid 
phase, various Mn02 phases and MnOOH appear to be stable but according to 
Brookins (1988) the main solid phases arc MnOi, MnO and Mn 3O4.8 MnO:, one of 
the principal minerals occurring in manganese ores , has a standard free energy of -
108.9 kcal/moie (Bricker, 1965). It can be shown that the stability boundary for 5 
Mn02 li^ 'S the same gradient as the boundaries for pyrolusite and lies between these 
two lines. Nonetheless, these solid Mn Oxy-hydroxide phases are not 
thermodynamically stable under deep sea conditions. The latest stages of ore 
formation appear as secondary ore minerals like pyrolusite, cryptomelane, 
psilomelane and ramsdellite are represented by supergene alterations leading to the 
transformation of primary manganese silicate-carbonate ore into oxide phases 
(pyrolusite and cryptomelane). These ore minerals are observed widely in the 
secondary ores along weakest zones-bedding planes of ore beds and cross cutting 
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fissures. When eomparing oxide mineralization in stratified or primary ore horizons 
and the discordant manganese oxide ore confined to the khondaHte sequence of the 
study area the different stages and the involved mechanisms are clear in their 
formation. During the post-metamorphic period, prolonged exposure of the deposit to 
atmospheric oxygen and meteoritic waters has caused the primary minerals to 
undergo supergene alteration. Most of the primary manganese oxide minerals are 
totally obliterated by weathering and supergene processes. The manganese silicates 
like spessartite are also affected. Under supergene conditions, due to strong oxidation 
effects, the manganese oxides of lower valency states (primary minerals) were 
transformed into manganese oxides of higher valency states e.g. pyrolusite, 
cryptomelane and romanechite. Development of cryptomelane/romanechite and 
goethite from ganict can be cited as an example. During this supergene process, 
elements such as Mn, Fe, P, Al and Ti are enriched and Mg, Ca and Si are leached 
from primary manganese minerals. The colloform manganese ores in the study area 
suggests the colloidal deposition of the secondary ores which is a universally 
accepted fact and consists of pyrolusite, psilomelane and cryptomelane at the most. 
The formation of the coUoformic ores seems to be smiilar to that of the botryoidal 
ores of Visakhapatnam and Srikakulam as described by Rao (1960), "which are 
formed by the alteration and concentration of the manganese in bedded deposits". 
However thecoUofroms may be formed either by transportation of the constituents in 
true solution and their precipitation as colloids at the site of deposition or 
transportation of the constituents in a colloidal solution and then- flocculation at the 
site of deposition (Roy, 1981; Nicholson, 1997). But the views did not sadsfy the 
experimentalists to a good extent as it was not clearly imdcrstood that in what state 
the solution was and the mode of transport. The continued research work by Straczek 
el al (1956) opined that the secondai^ Mn ores were formed in situ as a result of 
supergene oxidation of the gonditcs and associated braunite even at a depth of 400 ft 
or more from the surface in Dongari Buzurg mines. This opinion was strongly argued 
by Roy (1965) which according to him cannot account for the existence of cavernous 
and colloform ores. Roy (1965) introduced the concept of "colloidal gel" as an 
invading material rather the in situ supergene oxidation or weathering. On the other 
hand Boy dell (1925) concluded that the ores showing various coUofonnic structures 
are of colloidal origin and the colloform bandings in them are likely to have been 
formed at ordinary temperatures and pressures under geological conditions. The 
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abundance of the colloform structures in the secondary Mn ores indicate that they 
were derived largely by dissolution and deposition by ground water through 
supergene alteration and enrichment whereby the primary ore minerals have been 
altered and or changed to the secondary minerals mentioned above. The altered 
primary and newly formed secondary ore minerals have been deposited as the 
secondary ore deposits as discordant bodies along fractures, bedding places and fault 
planes within the preexisting ores bodies and host rocks. 
Continenta 
crust 
Archaean 
Basement 
Figure 7.1 
Redoxcline 
Hypothetical genetic models showing the genesis of the manganese 
ores of district, Vizianagram (A.P). 
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Chapter 8 
Summary and conclusion 
The district Vizianagram, (A.P) manganese ore deposit in the l<hondalite -
charnockite terrain of Eastern Ghats Mobile Belt is about 60 km distant from the 
Visakliapatnam city. The present study area is bordered by the Srikakulam and 
Visakhapatnam districts. The manganese ore bodies are mainly concentrated between the 
18" 12' - 18" 30' N latitude and 83" 20'- 83" 45' E longitudes in a linear belt in the study 
area along Chipurupalle, Garbham, Garividi, Sadanandapuram and Koduru blocks 
(Figure 1.2 and 2.2). The study area falls in Dharwar system of India which is synonium 
for the Archaean and represents the oldest Super Group of geological Formations of India 
(Fermor, 1909). Metasedimentary manganese deposits of small to moderate size are 
widespread in the Eastern Ghats belt that covers a large sector of the east coast of India. 
The region is a part of the East Gondwana along with Antarctica and Srilanka where 
reassembly of East Gondwana has juxtaposed the EGB against the parts of East 
Antarctica between 40" and 70° East Latitude (Yoshida, 1995) configured the region 
before approximately 500 Ma. According to (Roy, 1960, 1965, 1981; Sivaprakash, 1980; 
Das-gupta et al, 1993), the dominant rock type of this belt is the khondalite Group 
composed to khondalites senso-stricto pelitic rocks metamorphosed to granulite facies, all 
hosting the manganese deposits. The lithology of the study area is represented by 
granulite facies of the kliondalites which undoubtedly are the host rocks of the 
manganese ores in the terrain (Rao, 1954, 1960) and the ores occur primarily with calc-
granulites less often with quartzite and still less with the gamct-sillimanite- gneiss 
(Siddiquie and Bhat, 2010). The Calc-silicate-granulitcs and quartzo feldspathic gneisses 
host the Mn-silicate carbonate rocks in Kotakara-Garbham area of Vizianagram, 
(Mukhopadhyay ei al, 2005). The present Mn- silicate. Mn-carbonate and Mn-oxide ores 
located in the high grade, pelitic and calc-silicate granulites and garnetiferous quartzites 
(Roy, 1960, 1981; Sivaprakash, 1980; Dasgupta et ciL 1993, Siddiuiqe, 2010). Present 
field work also made it out that the manganese ores in the area occur primarily in 
association with Calc-Granulites, less often with other gamet-sillimanite-gneiss and 
quartzite members of the kiiondalite group. The lithology in the present study area are 
255 
dominantly mixed metapelites with clear mapable bands of quartzite and calc-granulites 
and the 2"' group as charnoclcitcs mainly the massif types. The most common features of 
the ores and host rocks are the layered nature, gneissic banding and blasto-bedding 
boudin structures, concordant or banded ore horizons with discordant secondryy ores 
horizons. The evidences of folds, faults and gneissic banding are in accordance with 
Dasgupta and Sengupta (1995), Bhattacharya (1997) and Siddiquie (2004). The presence 
of overturned folds (Figure 2.3) and the ores with the gneissic banding (Figures 3.4a-c) 
are some e\idences from the study area. The occasional blasto bedding structures and 
metamorphic rhythmic succession of the supracrustal rocks are well preserved in the 
teiTain suggesting the isochemical metamorphism of the khondalites. The shelf 
carbonates sequence represented by the calc-granulites and presence of rhodochrosite in 
the primary ores of the study area. 
The primary' ores of district Vizianagram, (A.P) along with the calc-granulites and 
other khondalite members have preserved important mineralogical trails in support of the 
initial sedimentary protolith and the later metamoiphism followed by supergene 
enrichment. The primary manganese ores (metamorphosed or metasedimetary ore) 
consisting mainly of manganese silicates and minor manganese oxides occur 
conformably enclosed in the pelitic kliondalites, calc-silicate granulite and weathered 
quartzite. While as the secondryy ores bodies of supergene nature are discordant with the 
host rocks through the terrain. Manganese oxides with variable silicate admixtures 
constitute the predominant ore characterized by the presence of braunite, vredenburgite, 
jacobsite, hausmannite and rhodochrosite and with associated pyrolusite, cryptomelane 
and quartz, apatite etc. The secondryy ores are dominantly represented by the supergene 
mineral assemblage of pyrolusite, cryptomelane, psilomelane, haematite with accessory 
quartz and apatite etc.revealing the metamorphism of a manganiferous protolith followed 
by the supergene alteration. Further, manganese carbonate-oxide deposits, with or 
without silicates, occur as isolated lenses in the oxide deposits. Mn-silicate-carbonate 
rocks presumably derived from carbonate protolith occur in regionally metamorphosed 
terrains ranging in grades ranging from greenschist to granulite facies (Dasgupta, 1993; 
Plimar and Lovering, 1983; Gnos and Peters, 1995, 2006). Metasedimentary deposits 
occur in high grade granulite teirains in shallow-water shelf regimes (Roy, 1981) which 
in accordance with the present findings is conclusive for the genesis of the manganese 
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ores of district Vizianagram. (A.P). Metamorphosed manganese deposits from Koduru 
and Garbham areas consisting of manganese silicates like bixbyite, braunite, 
hausmannite, riiodonitc, spcssartitc, hollandite, jacobsite and vrcdcnburgitc as primary 
manganese oxides and silicates; pyrolusite, cryptomelane, psilomelane, ramsdcllite, 
lithiophorite were also detailed by previous workers (Sivaprakash, 1980; Krishna Rao, 
1954a, 1954b, 1960; Rao, 1976; Siddiquie and Bhat, 2010). Generally the present 
manganese ores of district Vizianagram, (A.P) arc inhomogenous with siliceous, 
aluminous, ferruginous and carbonaceous components indicating a mixed source of the 
elements and diverse mineral assemblages as deciphered from the bulk ore geochemical 
and niineralogical characteristics detailed chapters 4 to 6. Econically the primary ore 
samples are low grade Mn ores with high Si. Al, Fe, P and Ti as compared to the 
secondryy ores which are high in Mn weight percentage but low in Si, Al, Fe and Ti. The 
ores hows significant variation in chemical composition especially with respect to Si, Mn, 
Fe and Al among major elements. The Ti. Al and Mg contents are comparable with the 
respective values in the khondalites. The Si and Al concentration in the host rocks while 
as that of Mn in the primaiy ores are the clear geochemical specialization. The 
precipitation and deposition of Mn with the co-supplied dctrital components of Si, Al, Fe, 
Ti is evident in the study area as seen in correlations Figures 5a. The exogentic trace 
elements like Cu-Ni-Pb-Zn have positive coiTclation with Mn is due to their common 
source. The general enrichment of district Vizianagram manganese ores (A.P) in the 
elements like Mn and Cu-Ni-Pb-Zn as compared to the back ground of the host rocks 
with elevated Si, Al, Fe and Ti contents also indicates intense delivei^ of hydrothermal 
material into the depositional basin with the co-supplied terrigenous material that led to 
the formation of the initial Mn rich sedimentary protolith. The high Mn/Fe ratios of the 
district Vizianagram manganese ores (A.P) is similar to the general Archaean manganese 
ores and is due to fractionation indicating the longer transport of Mn than Fe and a clear 
distinction from typical deep marine and hydrothermal. The most probable source of Fe 
are the ferruginous host rocks of the terrain than the direct hydrothermal source. The 
ternary diagram of Mn-Fe- (Ni-Cu-Co) x 10 of Bonatti et al (1972) and Crerar et al (1982) 
as shown in (Figure 5.21) shows the detrital-hydrogenous genesis of the present ores. 
Positive correlation of Fe with Co and V (Figures 5.10-5.11) are in accordance with 
hydrogenous environment of Burns and Brown (1972). However in Fe-Six2-Mn ternary 
diagram of Toth (1980) the present manganese ores do not fall in typical field of 
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hydrothermal manganese ores. Si-Al-Fe are positively correlated as shown in Figures 
5.17a and 5.17h and were supplied by terrigenous sources as shown in Figure 7.1. The 
precipitated heterogenous Mn-silicate-carbonate sequence in the shelf zone and the 
associated sedimentary sequence were subjected to multiple episodes regional 
metamorphism leading to the formation of primary manganese ores of low grade nature 
from the Mn rich sedimentary horizons with high Si, Al, Ti and Fe. At this stage the 
heterogenous manganiferous protolith and the associated sedimentary sequence were 
transformed into metasedimentary group resulting into the formation of metamorphosed 
manganese ores (primary ores) and the host khondalites as calc-granulites and Garnet-
Sillimanite Gneiss. The granulites grade metamorphism declared in the region is evident 
in the both the field and hand specimens as well as the optical and XRI) results (Figures 
4.7-4.9) of the primary ores. The primary ore mineral assemblages in the study area 
include the diagenetic carbonate like rhodochrosite to high grade ore minerals like 
spessartite, rhodonite, vredenburgite, haumannite and jacobsite. The abundance of garnet, 
sillimanite, quartz and apatite and in the host rocks also suggests the high grade 
metamorphism. The development of the metamorphic ore minerals like vredenburgite, 
jacobsite and haumannite (Figure 4.6) confirms the high grade metamorphism. The 
geochemical analysis of thirty ore samples from the six blocks of district Vizianagram, 
(A.P) shows higher values of Si, Al, Fe, Na, Mg and K in the primary ores while as the 
higher values of Mn, P, Ca, Ti and Ba are seen in the secondryy ores as shown in table 9 
and Figures 5.1-5.5.The distribution pattern of minor elements like KiO, Na20, MgO, 
CaO, BaO and Ti02 and PiOs in Vizianagram manganese ores vaiy in their concentration 
within limited range (Tables 10, 11 and 12). The overall ore shows higher concentration 
of potassium, but average Na^O, CaO, MgO, BaO and TiO^ goes around 1% as seen in 
table 12. in terms of the major element composition, the primary ores are close to the 
calc- granulites with reference to Al, Fe and Ti contents. The ores has a mixed source of 
hydrothermal, oceanic and terrigenous components as evident in the positive correlations 
of Mn-Ni-Cu-Zn and discrimination plots and ternary plots of Si-Al-Mn (Figures 5), Mn-
Al-Fe (Figure 5.12), Mn-Al-Fe (Figure 5.13), Al-Ti (Figure 5.14), Fe-Mn-Si (Figure 
5.16). The primary manganese ores are enriched in Si, Fe, Ba, P and Ni, Cu, Co and V in 
comparison to other manganese ores and are considered as primaiy metamorphosed ore 
while as the manganese enriched ores of higher oxides are secondryy in nature and are of 
supergene nature formed from the pre-existing primary or metamorphosed ore was also 
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worked out by previous workers (Rao, 1976; Roy, 2000; Siddiquie and Raza, 2008; 
Siddiquie and Bhat, 2010). The original sediments probably contained some amount of 
phosphorous (Sivaprakash, 1980; Bhattacharya et al, 1984; Siddiquie and Raza, 2008; 
Siddiquie and Bhat, 2010) and more phosphorous in the form of apatite appears to have 
been introduced into the manganese ores through granitic and pegmatitic activities 
(Rao.S.V.G. et al, 1981: Achai^a et al, 1990, 1994b; Siddiquie and Bhat, 2010). 
Manganese ores have evolved in a few important phases of metallogenesis in the region 
and the manganese ores in district Vizianagram, (A.P) are co-genetic as evident from the 
collective field evidence and the geochemistry and mineralogical modules of the ores and 
host rocks. The various conclusive remarks of the present piece of research work are as 
follows; 
The manganese ores of district Vizianagram, (A.P) seems to have evolved in a few 
important phases of co-precipitation and sedimentation as Mn-rich sediments followed by 
their diagenesis, regional metamoiphism and later supergene enrichment. These phases as 
evident in the studied mineralogical assemblages of all the types of ores in the study area 
and the bulk geochemistry and the stratigraphic, structural and tectono-metamorphic 
evidences in the field. The diagnostic plot and discriminations diagrams seen in Figures 
5.10-5.14 and 5.30-5.33 indicate the hydrogenous, shallow-shelf sedimentary-diagenetic 
genesis of the present manganese ores. The dissolved oceanic Mn was dominantly 
contributed by remote marine hydrothcrmal sources and was carried to the shelf zone due 
to its high solubility and longer transportation as compared to its co-generated Fe 
counteipart which gets deposited near the vent. The Mn remained in the dissolved state as 
Mn""" in the oxygenated surface waters of the ocean and in Mn"*^  in the reduced deep 
water. The two water columns are demarcated by the redoxcline across which the Mn 
alternates as Mn"' and Mn ^ across the redoxcline for most of its life span till it reaches 
the sediment surface in the shelf zone where the Mn"' is deposited as MnOi over the shelf 
carbonate platform as shown in the hypothetical genetic model in Figure 7.1. The influx 
of elision, gas and water fluids along a fault zone from the sedimentary sequences of the 
then sedimentary basin, which resulted in specific physicochemical conditions in the 
bottom and siU waters; this, in tum, provided conditions for the accumulation of the 
elements of anoxic environments and retention in the sediments of Mn and trace elements 
precipitating from hydrothermal plumes. The precipitated Mn02 reacted with the 
259 
available Si, Ca, Al and Fe in the system of Mn-rich sediments leading to the formation 
of earlier Mn-silicate and carbonate protolith. During this stage of Mn mineralization the 
Si, Al, Ca, Fe, Ba, P and Ti from the terrigenous sources was consumed in the formation 
of the manganese silicates and carbonates. 
'• The manganese ore mineralogy, geochemistry and the lithological characteristics of 
the host rocks indicate that the Vizianagram raetasedmients and the manganese ores of 
the khondalite Group are clearly a metamorphosed or metasedimentary sequence of 
manganese ores and host rocks m accordance with (Roy, 1981; Siddiquie, 2004; 
Siddiquie and Bhat (2008 and 2010) formed from an older sedimentary protolith 
(Siddiquie. 2004; Siddiquie and Raza, 1990) 
'' The initial manganiferous sedimentary protolith was deposited in a stable shelf 
environment with a mixed source of Mn dominantly from hydrothermal source with sub 
ordinate contribtition from terrigenous source as shown in the hypothetical genetic model 
(Figure 7.1). The ores show sedimentary hydrogenous nature with respect to high Mn and 
Ba values, positive correlation of Mn with Ba-Co-Ni-Zn in accordance with Nicholson 
(1986 and, 1992). Ba/Sr values also indicate sedimentary nature in accordance with Fan 
(1994). 
Some deep and remotely generated marine hydrothermal plumes were enriched in 
Mn, Cu, Ni, Pb and Zn. These elements were carried in solution state by the oceanic 
water and were delivered to the shelf zone during favourable conditions of their 
precipitation and deposition. The presence of remote hydrothermal springs supplying Mn 
and some other elements and generating plumes with elevated contents of these elements 
in deep waters is obvious. 
From the mineral-chemical attributes of the manganese deposits, the author 
proposed that the oxide oies were formed when anoxic bottom water enriched in Mn*^  
was up welled on the continental margin and mixed with oxygenated stirface water 
(Figure 7.1). The process initiated most probably in the late Proterozoic in the light of 
geocluonology of the region coupled with the present evidences. The geochronological 
data on the rocks of Eastern Ghats belt are meager and show a wide scatter. The wide 
range of dates has been attributed to supeiposed granulite and amphibolites facies events 
and the accompanying structural re-working (Mezger and Cosca, 1999; Scngupta et al, 
1990 and. 1999). Nevertheless, the available geochronological data clearly point to an 
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Archaean event during 2.8 and 2.6 Ga, which can be taken as the minimum age of 
sedimentation of the khondalite Group. 
r Manganese carbonates were diagcnetically derived from these initial Mn-oxides by 
reaction with calcareous material in the shelf zone probably under evaporative conditions. 
Continental weathering acted as a part of possible source for manganese and iron, 
supplied through acidic surface water and ground water to the depositional palaeo -basin. 
Relatively high amounts of Si, Al and Ti as well as good correlations between SiOa and 
.41:03 and AiiOj and TiO^ in the Vizianagram manganese ores may be due to the 
admixture of detrital material during precipitation as depicted from the discrimination 
diagram of Choi and Hariya (1992). 
-- The post depositional regional metamorphism have erased the depositional and 
sedimentary signatures of the ores as well the host rocks to a greater extent but the 
geochcmical and mincralogical signatures reveal their genesis with the tectonic and other 
geochemical. atmospheric and basin conditions during their deposition and post 
depositional stages. Vletamorphosed manganese minerals from the study area include 
developed during the metamorphic stage of the manganese ores include braunite, bixbyite 
hausmannite, rhodonite, spessartite, hoUanditc, jacobsite and vredenburgite are in 
accordance with pre\ious workers (Si\aprakash, 1980; Rao, 1954 and 1960; Rao, 1976; 
Siddiquie and Bhat, 2010). The elevated contents of Si, Al, Fe and Ti are evident. 
Featured and elevated concentration of Mn against the back ground host rocks indicates 
the formation of manganese rich ore minerals in specific bands with in the earlier 
combined system of manganiferous sedimentary protolith. The ores have attained the 
concentration of Mn with the development of the metamorphosed mineral assemblages. It 
is during this stage of ore formation that Mn-silicates were formed at higher rate instead 
of the earlier Mn-Carbonates of diagenetic stage which was consumed in the 
decarbonation process and subsequent genesis of Mn-silicates. 
During the post-metamoiphic period, prolonged exposure of the deposit to 
atmospheric oxygen and me-teoritic waters has caused the primary minerals to undergo 
supergene alteration. Most of the primary manganese oxide minerals are totally 
obliterated by weathering and supergene processes. The manganese silicates like 
spessartite are also affected. Under supergene conditions, due to strong oxidation effects, 
the manganese oxides of lower valency states (primal^ minerals) were transformed into 
manganese oxides of higher valency states e.g. pyrolusite, cryptomelane and 
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romanechite. Development of cryptomelane/romanechite and goethite from garnet can be 
cited as an example. During this supergcne process, elements such as Mn, Fe, P, Al and 
Ti are enriched and Mg, Ca and Si are leached from primary manganese minerals. During 
the supergcne process, elements such as Mn, Fe, P, Al and Ti arc enriched and Mg, Ca 
and Si are leached from primary manganese minerals. The economically important 
Vizianagram manganese ore deposits were fonned by oxidation of pre-existing 
metamoiphosed Mn-oxide (with Mn''and Mn '^) and Mn-silicate rocks (Roy, 1981). The 
evidence in favour of the weathering and alterations in the studied manganese an ore 
deposit is the laterite are characteristically concentrated in the upper zone and manganese 
in the lower zone of the weathered profile (Figure 2.3f). The rocks most amenable to 
supergcne concentration of manganese in the weathering zone are Mn-rich carbonates 
followed closely by Mn-silicatc-carbonates. Manganese silicate carbonate admixtures 
were produced as a consequence of influx of detritus and hydrogenous constituents 
during sedimentation. Mn oxides are either formed in situ by oxidation of the carbonates 
ore through dissolution, limited vertical and lateral migration and re-precipitation (Roy, 
1981). 
' The mineralogical and chemical characteristics observed in these rocks reflect 
heterogeneity in the metapelite composition and indicate more than one source for the 
parent sediments, predoininantly basic in nature. Geochemical characteristics of the host 
rocks suggest that the pro'/enance for these rocks was a mixed source of basic rocks and 
tonalite/trondhjcmite probably the Archaean crust. Geochemical characteristics of the 
host rocks shows that the provenance for these host rocks of the manganese ores was a 
mixed source of basic rocks and tonalite/trondhjemite, probably the Archaean crust (Raju 
and Rao, 2001). 
The premetamorphic sedimentary protolith package of pelites, arenite and 
carbonate is indicati\ e of their formation in a stable shelf milieu. The khondalites are 
were most probablt deposited in PCM environment with iron rich shale-greywacke-
arkose sequence as the source rock with some due contribution from tonalitic crust and 
granitic intrusion in the Archcan crust as indicated by the binary plots and ternary 
diagrams for the present khondalites and charncokites (Figures 6.8-6.19) 
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